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In this thesis, High Resolution Electron Energy Loss Spectroscopy (HREELS) 
has been used as the main technique to study the phonons on boron nitride surfaces, as 
well as the surface chemistry of germanium and polycrystalline diamond towards 
hydrogen, oxygen and organic absorbates. 
HREELS has been used to characterize the phonon modes on chemical vapor 
deposited amorphous Hexagonal Boron Nitride (h-BN) films doped with different 
carbon content. The TO⊥, LO and TO|| modes of h-BN were observed on samples with 
C content < 10%, whilst only the TO⊥ mode of h-BN can be observed for amorphous 
BCN samples with carbon content ~20%.  Samples with C content ~30% do not 
exhibit TO⊥, LO and TO|| modes of h-BN. The acoustic phonon mode (K→0) shows a 
shift towards the higher wavenumbers with increasing matrix dilution by carbon. 
The surface vibration spectra of clean, hydrogenated, methanol-dosed and air-
exposed n-doped Ge(100) have been collected using HREELS. On clean Ge(100) 
2×1, we report the observation of a surface phonon peak between ~28-35 meV. The 
position and shape of this peak is sensitive to the presence of low surface coverage of 
hydrogen and oxygen. By adsorbing molecular hydrogen on the n-doped Ge, this peak 
shifts towards the elastic peak, and becomes attenuated. The HREELS spectrum of 
air-exposed Ge is similar to that created by dosing Ge with methanol.  Methanol 
undergoes dissociation into methyl radicals and hydroxyl species on Ge surfaces at 
room temperature and oxidizes the Ge surface readily.  
The initial stage oxygenation of Ge(100) 2×1 was studied by dosing small 
amounts of molecular oxygen on dimerized germanium surface, and recording the 
HREELS spectrum at each stage. In the initial stage, molecular oxygen dissociatively 
chemisorbs on the Ge dimer at room temperature such that one O atom bridges 
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between the Ge dimer atoms, whilst another O atom inserts into the Ge-O-Ge 
backbond. This configuration is stable at room temperature. At higher temperatures, a 
new configuration will be adopted with two O atoms inserted fully into the Ge 
backbonds.  The experimentally observed vibrational peaks were compared to the 
theoretical vibrations from cluster models using density functional theory, and found 
to be in good agreement. 
Finally, the surface reaction mechanism of allyl alcohol-dosed polycrystalline 
diamond and single crystalline C(100) 2×1 surfaces was studied using HREELS, X-
ray absorption spectroscopy (XAS) and valence band spectroscopy. Our results 
suggest that the bonding of the allyl alchohol proceeds via [2+2] type cycloaddition 
on the diamond dimer bonds, with retention of hydroxyl functionality. Multiple layer 
adsorption of allyl alchohol at room temperature can occur. Heating the adsorbed 
adlayer to 50 ºC results in the increased impact scattering from the C-H bonds on the 
surface as observed by HREELS, as well as strong enhancement in the NEXAFS 
signal detected in the total yield mode. One possible reason is attributed to the 
thermally induced dissociation of C-H bonds, followed by radical initiated 
polymerization of the adlayer. Heating to temperatures above 200 ºC results in the 
desorption of the adlayer as judged by the vanishing of related signals in HREELS. 
The dissociation of C-H bonds in allyl alcohol during radicalization process transfers 
hydrogen to the diamond surface, and this chemisorbed hydrogen results in the 
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Chapter 1:Introduction 
Surface chemistry is an important branch of research today because of its 
interdisciplinary nature. It impacts on almost every branch of science, because surface 
and interfaces play key roles in diverse fields ranging from cellular attachment and 
tissue regeneration in biology, to catalysis in chemistry, and surface electronics in 
physics. Most chemical reactions, or electronic processes, occur on surfaces. 
Information on the structure, electronic properties, and dynamics of adsorbates on the 
surface is therefore required for a microscopic understanding of processes such as 
catalysis, corrosion and space charge formation in semiconductors. Advances in 
modern ultra-high vacuum technology allow surfaces to be prepared in a reproducible 
and well-characterized manner. The challenge then, is for the experimentalist to 
devise strategies to explore the routes by which clean surfaces can be modified to 
perform certain functions.  
Interests in surface modifications have heightened in recent years, especially 
in the areas of bio-sensing or cell growth. Unmodified surfaces usually show poor 
affinity with biomolecules, so a large amount of research recently is directed at the 
chemistry of surface modification [1,2]. These usually involve the coupling or organic 
functionalities on inorganic substrates such as glass or silicon, or on polymeric 
substrates. A hetero-bi-functional group may be used to react with the substrate, i.e. 
one end of the compound is linked to the substrate, while the other end may provide 
tethering sites for attachment to the biomolecules of interests. The matching of the 
functional group with the substrate depends on the chemistry between the two. In 
addition, the coupling has to be chemically robust to withstand hydrolysis in solutions, 
and oxidation in air. 
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In the semiconductor manufacturing process, surface integrity plays a vital 
role in determining the yield of the device. With the miniaturization of transistors to 
the current 90nm technology and smaller, it is imperative that a comprehensive 
knowledge of the microscopic properties is in place, because the presence of minute 
surface impurities or defects can result in degraded device performance and even 
failed circuitry. The formation of metallic contacts on semiconductor with the desired 
ohmic or schottky barriers, or the growth of oxide interface with sharp boundaries 
devoid of interface traps, are crucial to obtain the desired electrical performance. On 
the other hand, the adsorption of small molecules on the surface of semiconductor can 
induce space charge layer in the near surface regions, resulting in band bending and 
the accumulation or depletion of carriers at the near surface regions. Such effects have 
been used as the basis of gas sensing in semiconductor nanomaterials. 
 
1.1 Introduction to diamond and germanium 
1.1.1 Challenges in studying clean surfaces of diamond and germanium 
 There have been extensive studies on the surface chemistry and physics of 
silicon due to its importance in the semiconductor technologies today. Sharing the 
same group with silicon in the periodic table are the elements carbon and germanium. 
The cubic form of carbon is diamond, together with germanium, they share the same 
zinc-blende type crystal structure with silicon, and can potentially rival silicon in 
certain areas of transistor applications.  
 Each carbon or germanium atom is covalently bonded to four nearest-
neighbouring  atoms in a tetrahedral coordination. The diamond/germanium structure 
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the unit cell constant 0a . A schematic diagram of a diamond structure unit cell is 
shown in Fig. 1.1. The unique chemical, physical and electrical properties of diamond 
and germanium originate from the different unit cell length, 0a .  
 
Fig. 1.1 Schematic diagram of a unit cell diamond structure comprising of two 
interpenetrating FCC structures. 
 
Diamond has a smaller unit cell constant of 3.567 Å, compared to 5.646 Å in 
the case of germanium. The strong covalent 3-dimenional network present in diamond 
imparts unequaled chemical resistance and physical hardness properties. Since all the 
valence electrons contribute to the covalent bonding, diamond is a poor conductor 
possessing a band gap of about 5.5 eV [3]. Owing to its biocompatibility [2] and 
chemical inertness, diamond can be used as a signal transducer for biosensing 
application. For example, Härtl and coworkers [2] recently demonstrated that 
biomolecules can be supported on H-plasma treated polycrystalline diamond surface 
and the presence of these biomolecules can induce space charge changes in the 
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diamond, which can be used as the basis of impedimetric sensing. Hydrogen plasma 
treated diamond surfaces possess negative-electron-affinity (NEA) properties, making 
diamond a suitable candidate for cathode-emitters applications [4,5,6]. Diamond 
offers several key advantages over silicon for applications in high power, high 
temperature transistors. These advantages are due to its very high electrical 
breakdown field and high thermal conductivity.  
   While synthetic diamond and its applications in the field of biosensors and 
cathode- emitter devices are of recent developments, the use of germanium in solid 
state devices originated with the discovery of the first transistor in 1948. The high 
mobility properties associated with germanium substrates has fueled a renewed 
interest for applications in microelectronics. In particular, germanium is introduced 
into the base layer of an otherwise all-silicon transistor to achieve marked 
improvements in operating frequency, current noise and power capabilities of a 
silicon-germanium (SiGe) heterostructure bipolar transistor (HBT) [7]. These SiGe 
devices have found wide-spread applications in high speed wireless communications 
and data-conversion components. Germanium is also an extremely efficient absorber 
at 850nm, approximately 50 times more efficient than silicon. This unique property 
permits the fabrication of photo-detectors using germanium as source material. The 
photo-detectors can be fabricated by first growing germanium on a silicon-on-
insulator (SOI) base which has an initial thickness of 15 nm, followed by a 30 nm 
silicon buffer layer and a 50 nm germanium seed layer deposited at 350 ºC. A final 
400 nm germanium layer is grown at 600 ºC. A schematic diagram of a SOI device is 
shown in Fig. 1.2. With this germanium-on-insulator (GOI) device, the current 
bandwidth limit at 10GHz imposed by silicon can be broken, and a new benchmark of 
29 GHz can be achieved. Further, the GOI device is built upon established SOI 
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technology, thus its integration into the current manufacturing process greatly reduces 
the costs associated with new device implementation. A summary of the key 
properties among silicon, germanium and diamond is tabulated in table 1.1. 
 For group IV elements such as Si, Ge and diamond, the atoms on the clean 
surface exhibit tendencies to rearrange in vacuum to adopt a surface unit cell with a 
periodicity that is twice that of the bulk unit cell. This process is known as 2×1 
surface reconstruction, and it will produce surface dimer rows where two atoms in the 
dimer row are closer to one another than their respective adjacent neighbours. On both 
silicon and germanium, the surface dimer-pair favors a buckled arrangement [8,9,10], 
i.e. that is one dimer atom is tilted with respect to the other. For germanium, the 
degree of buckling is higher than that of silicon due to the more polar nature of the 
Ge-Ge bond. The electron density is localized on the top germanium dimer atom, this 
provides a low barrier reaction channel for impinging molecules in some classes of 
reactions. On the other hand, the dimers on diamond are not tilted, and the bonding is 
covalent, so the patterns of reactivity can be anticipated to be quite different. For 
example, there are notable differences in the reactivities of oxygen with Ge compared 
to Si. The prevalence of the silicon-based MOSFET technology is due to the stability 
and ease of formation of the silicon oxide. However no such equivalent oxides occur 
on germanium and diamond.  
 The preparation of clean and atomically flat germanium (001) surface has 
been hampered by the fact that there is poor lattice mismatch between GeO2 and 
germanium. This mismatch leads to an inhomogeneous oxide layer which permits 
contamination to reach the Ge/GeO2 interface and this contamination is difficult to 
remove. 
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Fig. 1.2 Schematic diagram of a SiGe heterostructure bipolar transistor (HBT). 
 
Table 1.1 Comparison of key properties among silicon, germanium and diamond 
Property/material Silicon Germanium Diamond 
Structure Diamond Diamond Diamond 
Space group Fd3m Fd3m Fd3m 
Lattice Parameter 0a ( Å) 5.431 5.658 3.567 
Band gap (eV) 1.12 0.66 5.47 
Electron Hall mobility at 
300K (cm2.V-1.s-1) 
1600 3900 2800 
Hole Mobility at 300 K 
(cm2.V-1.s-1) 
430 1900 120-2010 
Thermal Conductivity 
at 300 K (W.cm-1.K-1) 
1.48 60 25 
 
The GeO2 is also readily soluble in water, so a rinse in water results in a 
stripping of the GeO2, and when the surface is exposed to the ambient, formation of a 
new layer of GeO2 with the trapping of carbon occurs at the interface. The carbon 
_ 
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could be hydrocarbon retained from the rinsing with water, or hydrocarbon in the air 
which permeates to the GeO2/Ge interface. Argon sputtering can be employed to 
sputter away the surface carbon and oxide, but long range order on the surface is 
destroyed as a result. Hovis [11] reported a two-step procedure for preparing clean 
and atomically flat Ge (001)-2×1 surface based on a wet chemical treatment followed 
by exposure to ultraviolet-generated ozone. The ozone has the effect of volatizing 
organic residues trapped at the interface, as well as sealing up the void in the oxide 
layer. 
  Ibach first reported the presence of surface optical phonons on clean silicon 
surfaces using HREELS [12]. Although it has been predicted theoretically that clean 
germanium possesses a similar set of surface optical phonons on the dimerized 2×1 
surface, there has been no verification of these by HREELS. One of the reasons for 
the difficulty to observe this optical phonon mode is due to the fact that on unclean 
surfaces, the broad elastic peak in the HREELS will obscure the optical phonon peak. 
Another reason is that adsorbates which affect the phonon-plasmon coupling on 
doped Ge can shift the optical phonon peak towards the elastic tail and obscure it. In 
chapter 4, I will show how trace molecular hydrogen and oxygen can quench the 
optical phonon modes totally. 
   The preparation of clean diamond surface for surface science investigation is 
also not trivial. The technique of argon sputtering, used so often in cleaning metal 
surfaces, cannot be used on diamond because the impact of energetic ions transforms 
the diamond surface into amorphous carbon. This change cannot be reversed by 
annealing at high temperatures. One method that has been developed by diamond 
scientists involved the cleaning of the diamond surface using microwave hydrogen 
plasma. It was discovered that atomic hydrogen generated in the plasma can etch 
Chapter 1 Introduction 
 8
away amorphous carbon and graphitic species, and maintain the sp3 integrity of the 
diamond. In this thesis, we employed the method of microwave hydrogen plasma to 
clean the surfaces of diamond. 
  
1.2 Functionalization of diamond surface 
 Diamond surfaces represent a solid organic surface, and provide the surface 
scientists a good playground for studying solid phase organic chemistry, as opposed 
to the conventional liquid and gaseous phase organic reactions. The investigation of 
organic chemistry reactions on diamond surfaces have only just begun recently. The 
objectives of these studies, besides obtaining a fundamental understanding of how 
gaseous or liquid phase organics can couple to a solid organic surface, also include 
the possibilities of fabricating stable organic transistors or biochemical sensors. 
 Besides its wide electrochemical potential window (-1.25 to +2.3 V vs 
standard hydrogen electrode) for hydrogen and oxygen evolution reactions in aqueous 
solutions [13], diamond surfaces are biocompatible, and resist fouling [14]. Diamond 
surfaces exhibit higher stability than surfaces of gold, silicon and SiO2 [15]. These are 
important design considerations for electrodes or sensors that are going to be 
deployed in the detection of analytes in complex protein mixtures [16]. Recent studies 
conducted by Yang and coworkers [15] suggested that monolayers on gold and SiO2 
surfaces can be unstable when used over prolonged periods, while monolayers on 
carbon-based materials exhibited long-term stability because of the strength of the C-
C bondings at the interface. 
 Surface functionalization of diamond with organic molecules containing 
unsaturated π bonds may occur via two dominant mechanisms, namely cyclo-addition 
and bi-radical pathways. The dimerised surface carbon atoms residing on the  

















Fig. 1.3 Schematic representation of the [2 + 2] cycloaddition reaction of allyl 
alcohol with diamond (100) 2 x 1 surface. 
 
reconstructed diamond surface are bonded by a σ-bond and a highly-strained π-bond 
which exhibit a reactivity [17,18]  similar to the organic alkenes and olefins. Some 
authors have proposed that the dimers behave essentially as bi-radicals, with a 
dangling bond at each surface carbon atom [19]. It is important to distinguish these 
two dominant reaction routes as the Woodward-Hoffman rules for the orbital 
symmetry of organic reactions contain specific predictions about the selectivity of 
alkenes/olefins, which are different from bi-radical reactions at rapid singlet-triplet 
inter-conversion. In principle, cycloaddition reactions can be used for the controlled 
functionalization of the reconstructed diamond (2 x 1) surface [20]. This occurs via 
the direct reaction of the two C=C double bond (2 + 2p electrons) to form a 4-
membered ring, [2 + 2] cycloaddition, as shown in Fig. 1.3. However, the resultant 4-
membered ring is symmetry forbidden [21]. On the other hand, the [4+2] 
cycloaddition is symmetry-allowed, and the addition of molecules like 1,3 butadiene 
on the diamond (2 x 1) surface should proceed with a higher degree of probability. In 
this thesis, I explored the covalent modification of reconstructed polycrystalline 
diamond surface with allyl alcohol using HREELS, since the vinyl functional group is 
known to interact directly with the diamond surface. The reaction fits into the model 
of the [2+2] scheme if indeed it follows the cyclo-addition pathway. The terminal 
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hydroxyl functional group present in the allyl alcohol molecules serves as tethering 
sites for biological molecules. Prior to this study, the binding of allylic compounds on 
diamond surfaces has not been investigated. 
 
1.3 Synopsis of chapters 
 Chapter two of this thesis provides an overview on the theories and working 
principle of the HREELS, PES, RHEED and NEXAFS. HREELS data showing the 
optical phonons on CVD-grown boron nitride substrates containing varying 
composition of carbon are presented in chapter 3. The HREELS spectra of clean Ge 
(100) 2 x 1 reconstructed surface, as well as air-exposed, molecular oxygen-dosed, 
and methanol-dosed surfaces are presented and discussed in chapter 4. In chapter 5, 
HREELS, PES and NEXAFS data collected at the different stages of reactions 
between allyl alcohol and diamond surface are presented and discussed. 
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Chapter 2: Experiment  
2.1 Surface analytical techniques 
2.1.1 High resolution electron energy loss spectroscopy (HREELS) 
The dielectric theory was first proposed 30 years ago by Lucas and Sunjic [1] 
to provide a quantitative description of the electron energy-loss spectra obtained in 
specular reflection. Originally designed to deal with isotropic crystalline materials [2], 
the theory has been adapted for more complex systems of anisotropic materials, multi-
layers and super-lattices, such as GaAs heterostructures [3], Carbon-60 fullerene films 
[4] and carbon nano-systems [5].  
 On polar surfaces, the interaction process that dominates the electron inelastic 
scattering in experiments conducted under specular-geometry is the long-ranged 
coulombic interaction between the incident electrons and the dipolar field of the 
induced ionic vibrations of the material. As the momentum transferred to the surface 
excitation frequency is small, most of the ionic vibrations excited in HREELS are 
long wavelength, surface optical waves. Some examples of such surface optical 
phonons are presented by Fuchs and Kliewer [6]. As will be discussed in detail in the 
following chapters, surface optical phonons are resident on clean, reconstructed 
germanium surfaces. On polycrystalline diamond and boron nitride surfaces, 
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2.1.1.1 Scattering theory 
In this dissertation, the vibrational motion of atoms and molecules on and near 
the surfaces of single crystalline Ge(100), polycrystalline diamond and polycrystalline 
boron nitride were studied by the analysis of the energy loss spectra of low-energy 
electrons back scattered from it. An electron beam with energy E0 incident on a 
surface may excite a quanta of energy ħω and suffer an energy loss equivalent to El= 
E0- ħω before being back scattered into vacuum. An analysis of the energy loss 
spectrum of this backscattered electron provides direct information pertaining to the 
vibrational frequencies of the adsorbates on the substrate. Surface sensitivity is 
achieved by the grazing angle incidence of the electron beam and the  low energy of 
the incident electron which readily undergoes impact or dipole scattering by surface 
adsorbates. 
Two types of surface scattering mechanisms are dominant, namely dipole 
scattering, and impact scattering. As a surface atom/molecule vibrates, it modulates 
the electric dipole moment of its environment in a time-dependent fashion. In the 
vacuum above the crystal, an electron senses a long-ranged electric field that is 
dipolar in character, and this produces small-angle scattering in the specular direction. 
The cross-section for the back scattered electrons contains the scalar product of k(l) – 
k(0) and the polarization of the normal mode of the vibration, where k(l) and k(0) 
represent the wave vector of the scattered and incident electron beam. For small 
angle scattering, k(l) – k(0) is perpendicular to the surface. This makes the cross-
sections zero for modes polarized parallel to the surface. To evaluate, one may 
envision the trajectories of a specularly reflected electron after interacting with some 
adsorbate on a surface, where the electron is sufficiently fast such that its interaction 
with the adsorbate of vibrational modes k(l) ~ k(0) does not alter its trajectory. The 
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excitation probability of the molecular vibration may be described by the matrix 
expression <Ψ0|V|Ψ1>, where V denotes the time dependent electron-oscillator 
interaction, from the vibration ground state Ψ0 to its first excited state Ψ1. In a time 
reverse situation, V is even with respect to inversion. As the ground state is always 
even to all symmetry elements of the point group of the adsorbate, the first excited 
state Ψ1 must also be even. The cross-section for excitation should vanish for all 
vibrations that belong to the same irreducible representation as a two-component 
vector parallel to the surface. For an impact-dominated scatterer, one can expect to 
observe a fairly broad angular distribution of the electrons scattered inelastically from 
a molecular vibration, owing to the short-ranged electron-molecule interaction. Since 
typical high resolution spectrometers accept a very small solid angle, the counts rates 
of inelastically scattered electrons originating from impact scattering are small. The 
ratio of the integrated intensity of the specular elastic beam to the near specular peak 
of inelastically scattered electrons is about 1000. For a dipole-dominated scatterer, it 
is possible to obtain information pertaining to the surface geometry of the adsorbate 
of interest. When a CO molecule adsorbed by adopting a vertical orientation on a 
metallic surface, we can expect the CO stretch vibration to create an oscillating dipole 
perpendicular to the surface. An image dipole is thus created parallel to the CO 
molecule in the substrate. Therefore, an incident electron will perceive double dipolar 
moment about the surface of the substrate. Assuming the substrate surface possesses 
sufficiently high symmetry such that at least two mutually perpendicular reflection 
planes normal to the surface are present, then we have a total of 3-factorial normal 
modes vibration frequencies present, either strictly parallel or perpendicular to the 
surface. The six eigenmodes of CO on a two-fold bridging site with a C2v symmetry is 
shown in Fig. 2.1. The CO stretch and the surface-CO mode will contribute two 
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normal motions that are peaked in the specular direction, the rest of the modes are 
inactive as they vibrate parallel to the surface. The excitation of these parallel modes 
will generate an image dipole anti-parallel to those of the CO molecule, such that the 
total oscillating dipole moment vanishes completely. Therefore, the absence of these 
inactive vibration modes shows that the CO molecule adsorbed in an up-right 
orientation, while additional modes in the spectrum will indicate that the CO axis 
tilted away from the surface normal.  
Suppose the substrate surface is described by a two dimensional wave vector 
Q|| that lies parallel to the surface, there exists a field that extends into the vacuum at a 
distance l(Q||)= Q||-1. When the incident electron (traveling at velocity υ0)  approaches 
normal to the surface at a kinetic energy of E0, it emerges with a wave vector that 
makes an angle θl with the surface normal, with a resident time in the dipole potential 
described by ∆t = 2l(Q||)/υ0 = ħ/E0θ1. For small angle scattering, Q|| ~ k0θl whilst ∆tω0 
>> 1 (approaching the adiabatic limit). The electron thus exits without exciting the 
mode. For the germanium work, the experimental conditions satisfies ħω << E0. The 
electric dipole scattering thus produced contributes to the energy loss cross-section 
that is strongly peaked around the specular direction. 
 
Fig. 2.1 The six eigenmodes of CO on a two fold bridging site with C2v symmetry. 
Chapter 2 Experiment 
 17
2.1.1.2 Working principle of HREELS 
 A picture of the HREELS spectrometer is shown in Fig. 2.2. An electron beam 
is generated in the cathode (A). The electrons are focused into a highly mono-
energetic beam by passing it through a set of pre-monochromator (B) and 
monochromator (C). B and C are part of an electrostatic deflecting system in 
combination with entrance and exit slits used to select electrons of well-defined 
energy from those emitted by a Lanthanum-Boride source filament. The mono-
energetic electron beam exits the monochromator system and strikes the sample (D). 
The backscattered electrons are then collected by the analyzer and channeltron (E).  
 
 
Fig. 2.2 Schematic diagram of a spectrometer comprising of a cathode (A), pre-
monochromator (B) and monochromator (C), scattering chamber (D), analyzer and 
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2.1.1.3 Phonons on crystal surfaces 
 Phonons are quantum vibrations due to the collective exitations of atoms in the 
solid lattice. Crystals with more than one atom per unit cell may possess surface 
modes which have finite, non-zero frequency in the limit Q||. These surface modes are 
known as surface optical phonons. Surface optical phonons are divided into two 
classes. In the first class, the surface optical phonons remain localized in the few 
outermost atomic layers [7]. Some examples of crystals possessing surface optical 
phonon modes include germanium, silicon and diamond. A list of the observed 
phonon modes and their expected frequencies for is shown in Table 2.1. 
 In the second class, the surface optical phonons are not restricted to the few 
outermost layers but penetrate deeply into the crystal as Q|| approaches zero. Some 
examples of ionic crystals with Coulombic interactions between ions which lead to 
 
Table 2.1 Comparison of the surface phonon modes and vibration frequencies of 2×1 
reconstructed germanium, silicon and diamond. 
 Germanium Silicon Diamond 








35a 56b 91.25c 
166.25c 
 
a C.W. Lim, J.M. Soon, N.L. Ma, W.Chen, K.P. Loh, Surf. Sci. 575, (2005) 51. 
b H. Ibach, Phys. Rev. Lett. 27, (1971) 253. 
c P.E. Pehrsson, T.W. Mercer, Surf. Sci. 460, (2000) 49. 
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couplings that extend over long distances include ZnO [2] and GaAs [8]. For both 
ionic crystals, each unit cell has an oscillating electric dipole moment and deeply 
penetrating displacement field (as Q|| → 0), the electric field in the vacuum above the 
crystals are thus very strong. As a result, the incident electrons suffer strong electric 
dipole scattering from these excitations, as they approach and exit from the crystals. 
The intensity of such loss modes comprises 60% of the electrons emerging from the 
crystals. For ZnO, the surface optical phonon is represented by the one-phonon loss 
peak residing at 69 meV.  
 On n-type GaAs, a surface plasmon peak is also resident in addition to the 
surface optical phonon mode. The location of this surface plasmon loss peak is very 
close to that of the surface optical phonon, such that one may consider them as a 
singular coupled loss mode. The frequencies of these coupled modes may be obtained 
by solving the frequency-dependent dielectric constant )(wε of the crystal. The 










p Ω−−+= ∞εε   (Equation 2.1) 
where rp Mnew /4
2*2 π= , and *22 /4 menep π=Ω  correspond to the electron plasma 
frequency, en  and 
*m represent the electron density and effective mass, respectively. 








spTOspsspss wwwwwww −+±+=±   (Equation 2.2) 
where sw  and spw correspond to the surface optical phonon and surface plasmon 
frequency, respectively. 
 For homo-polar crystals such as silicon and germanium, symmetry arguments 
require the dipole moment effect charge *e to vanish in the bulk of the crystals. 
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Therefore as Q|| → 0, the surface cannot support surface optical phonons with 
properties associated with ZnO and GaAs. However when the surface undergoes 
reconstruction, it may possess a non-zero dipole moment uncommon to the bulk. The 
surface origin of such modes may be confirmed by dosing a small amount of 
adsorbates such as hydrogen and oxygen, when the clean surface features will be 
replaced by the protonated and oxygenated surface vibrational modes.  
In this thesis, the HREELS spectra are normalized to the zero energy loss peak. 
 
2.1.2 UHV-HREELS system setup 
 The HREELS experiments were carried out in a multi-chamber UHV system 
(with a base pressure of 1 x 10-10 Torr) evacuated by a combination of turbo-
molecular and ion pumps. The system facilitates sample transfer between the main 
and preparation chambers via a fast entry load-lock arm as indicated in Fig. 2.3. 
Samples of polycrystalline boron nitride, germanium and polycrystalline diamond 
were loaded into the preparation chamber for degassing by flash annealing. The 
preparation chamber is equipped with a RHEED system and gas dosing facilitates. An 
Argon sputtering source is also present in the preparation chamber for sample 
cleaning. The cleaned samples were then transferred into the adjacent main chamber 
for further characterization studies using HREELS. 
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Fig. 2.3 Top-view of the multi-chamber UHV system with facilities of HREELS, 
RHEED and dosing/sputtering source. 
 
2.1.3 Comparison of surface vibration spectroscopy 
 In HREELS, a beam of highly monoenergetic electrons is directed towards the 
sample surface. The energy dispersion and angular distribution of electrons 
backscattered from the surface can be measured by the rotatable spectrometer. The 
kinetic energy of the electron beam is in the typical range of a few electron-volts. By 
a careful selection of this incident electron beam energy, information originating from 
the outermost three or four atomic layers of the crystal may be obtained. The 
resolution offered by our current system is 0.5 meV (4 cm-1). With its intrinsic 
sensitivity towards adsorbates on surfaces and ability to probe frequency range 
uncommon to infra-red and Raman spectroscopy, HREELS offers unparalleled 
advantages for study of both the vibrational modes of adsorbed molecules and the 
substrate in a controlled environment. 
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 The observation of vibration modes on surfaces of interest is governed by 
selection rules in HREELS, FTIR and Raman spectroscopies. For both HREELS and 
FTIR, only vibration modes which give rise to an oscillating dipole perpendicular to 
the surface are active.  
 
Fig. 2.4 Schematic diagram of specular and off-specular geometry scattering in 
HREELS. k and q|| represent the wave-vector and momentum transfer of the incident 
and scattered electron beam, respectively.  
  
In HREELS, however, it is possible to observe off-normal vibration modes in 
the non-specular geometry. A schematic diagram of specular and non-specular 
geometry scattering in HREELS is shown in Fig. 2.4.  For metallic surfaces, the 
principle scattering mechanism is long-ranged dipole in the specular geometry. In the 
case where the exit angle deviates from the incident angle (θ ≠ φ), the resultant 
scattering mechanism is impact dominant. In the off-specular scattering geometry, all 
vibrations are allowed, since neither parallel nor perpendicular momentum is 
conserved. In impact scattering, the electron is kinetically scattering at short range by 
atomic core potential of surface, which is modulated by nuclear motion. Unlike FT-IR, 
HREELS facilitates the study of both electronic and vibrational losses. A schematic 
diagram of a set of imaginary adsorption states showing the expected loss peaks 
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Fig. 2.5 Schematic diagram of a set of imaginary adsorption states showing the 
expected loss peaks. 
 
 Optical techniques such as Raman and infra-red spectroscopy provided us with 
a powerful means to probe the vibrational motions of atoms and molecules both on 
the surface and in the bulk of the material. When they are applied to study adsorbates 
on surfaces however, the signals are usually very weak and sometimes difficult to 
detect against the background. It is possible to study sub-monolayer coverages by 
tuning the photon frequency through an absorption band of the substrate such that the 
material exhibits a rise in temperature. This temperature change can be correlated to 
the energy absorbed by the surface adsorbate film of certain specific heat capacity. In 
this way, surface sensitivity can be achieved using infra-red spectroscopy. 
 For Raman spectroscopy, the inelastic scattering of light from the quantized 
motions of matter is measured. For a transition to be Raman active there must exist a 
change in polarizability of the molecule with vibration motion. Like HREELS and 
200 500 1000 2000 5000 cm
-1 
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infra-red spectroscopies, Raman may be used to detect monolayer adsorbates on 
surfaces, especially when rendered in the surface enhanced Raman mode (SERS). 
However, the process requires the use of silver colloids to achieve scattering 
enhancement. Although enhanced Raman cross-sections are not observed commonly 
for molecules absorbed on all surfaces, it does present the advantage of the ability to 
measure a surface covered with gas/liquid at elevated pressure. Thus one can in 
principle examine surfaces under conditions where they are in contact with a working 
environment.  
 
2.1.4 Reflection high energy electron diffraction (RHEED) 
 Reflection high energy electron diffraction (RHEED) is a highly surface 
sensitive technique used for studying the atomic structures of crystalline surfaces [10]. 
Due to the glancing angle of <1º of the high-energy incident electron beam (20 to     
30 keV), the diffracted electrons are strongly peaked in the forward direction with the 
electron penetration depth limited to a few angstroms. In RHEED [11], only electrons 
that satisfy the Bragg diffraction angle can be observed as diffraction patterns on the 
phosphor screen. The Bragg diffraction equation is defined by  
λθ nd =sin2   (Equation 2.3) 
where d , θ2 , n  and λ  correspond to the surface periodicity, electron scattering 
angle, diffraction order and the incident electron wavelength, respectively. The 
diffraction patterns observed on the phosphor screen imparts information pertaining to 
surface reconstruction in the reciprocal space, enabling surface structures to be 
determined. A pictorial illustration of a typical RHEED system is shown in Fig. 2.6. 
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Fig. 2.6 Schematic diagram of the basic working principle of RHEED. 
 
2.1.5 Photoemission spectroscopy 
 Normal photoemission studies employ the use of X-ray sources to generate 
discrete wavelengths to probe the materials of interest. The core electrons emitted 
from the material are detected using a concentric hemispherical analyzer and recorded 
in the binding energy scale. Since each element in the periodic table has a distinct 
core-shell binding energy fingerprint, a change in this binding energy can provide 
information regarding the chemical environment around the atom. Shifts in the core-
level binding energy can be explained in terms of initial and final states effects [12]. 
We distinguish between initial state effects and final state effect. The former affect the 
binding energy of the initial state before the photoemission event, for example by the 
chemical environment of the atom of interest. The latter are due to the photoemission 
event itself and the nature of the final state. The most simple assumption for such a 
calculation is that the measured binding energy is the orbital energy of the 
photoionized electron. This is known as Koopman's theorem [13]. The initial state 
effect takes into account the differences in the one electron Hartree-Fock potential 
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seen by the different electron orbitals from which photoelectrons are emitted. In its 
simplest form, the initial state shift can be estimated by the differences in the valence 
charge density of inequivalent atoms. The charge transfer is then related to differences 
in electronegativities of the bonding species. 
 The most severe error in Koopman's theorem is that it ignores the final state 
effect. Final state effects are related to the response of the remaining (N-1) electron 
system following the emission of photoelectron. If an electron is adiabatically 
removed from the core, the system have to reach a new ground state. This new ground 
state has a lower energy due to the increased effective nuclear number of the 
photoemitting atom. The relaxation energy associated with reaching the new ground 
state is partially transferred on the photoelectron. This increases the kinetic energy 
and decreases the apparent binding energy.  
)( rbinrbinkin EEhvEEhvE −−=+−=   (Equation 2.4) 
Conventional sources such as Mg-Kα (1253.6 eV) or Al-Kα (1486.3 eV) are 
limited by their finite line-widths and intensity, which limits the attainable resolution 
of the system. In contrast, synchrotron radiation offers a different energy-spectral 
window as it provides a wide spectrum of highly polarized and collimated energy 
ranges (infra-red to x-rays) in short pulses. In synchrotron radiation, charged particles 
(electrons or positrons) are forced to move in a circular orbit. Photons are emitted 
from a narrow cone in the forward direction tangential to the orbit when the particles 
are moving close to the speed of light. With a single tunable light source, the 
objective beam source can be tuned to the desired photon energy range to perform X-
ray photoemission (XPS) and ultraviolet photoemission spectroscopy (UPS) studies. 
In this work, XPS and UPS were used in-tandem as fingerprinting techniques to 
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identify clean, as well as adsorbate-dosed surfaces. While in XPS, the photon is 
absorbed by a molecule in the material, leading to ionization and the emission of a 
core (inner shell) electron, UPS probes the valence levels of the molecule. 
Variation in the intensity of the acquired UPS spectrum can be explained using 
the 3-step model that was first proposed by Berglund and Spicer [14]. A schematic 
diagram of the model is shown in Fig. 2.7. The initial Block state is represented by 
|ki> (1) with energy Ei (allowed state with a periodicity determined by the periodic 
potential of the crystal). Electrons are then excited by the incident photon into a 
conduction band state, labeled |kj> at Ej (2). The excited electron finally escapes 
from the surface at (3). 
 
Fig. 2.7 Schematic diagram of a 3-step model described by Berglund and Spicer for 
the excitation (1), transport (2) and escape of an electron (3). 
 
Some initial state energy ( ε=Ei ) contributes to the photocurrent ),( εhvI , 
which is defined by  
dkEhvEEkAkkThvI iijfi )()(||||)(),(
2 −−−>∇•<∞∫ εδδε  
where 
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)(kT = some function expressing the probability of transport (2) and escape (3)  
2|||| >∇•< ij kAk = matrix element expression for the optical excitation (1) 
A = Vector potential 
δ = functions that express the fact iE and jE are separated by hv and that the energy 
analyzer is “tuned” to pick out the initial state iE . 
 Experimentally, it is possible to determine if the substrate of interest possesses 
positive electron affinity (PEA) or negative electron affinity (NEA) using UPS. A 
suitable candidate would be single crystal diamond substrate. For a PEA surface, the 
vacuum level (Evac) is placed above the conduction band minimum (CBM) and 
therefore, the low-kinetic-energy cut-off in the spectra determines Evac. For a NEA 
surface, the Evac is located below the CBM. In this case the difference [hv – spectral 
width] = band gap. A schematic diagram of the combined He I ( hv =21.2 eV) and He 
II ( hv =40.8 eV) normal emission spectra of the valence band for NEA and PEA 
surfaces is shown in Fig. 2.8. 
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Fig. 2.8 Combined He I ( hv =21.2 eV) and He II ( hv =40.8 eV) emission spectra of 
the valence band for (a) NEA and (b) PEA materials. The work function, electron 
affinity, band gap and Fermi level are represented by φ , χ , gE , FE , respectively. 
 
2.1.6 Near-Edge X-ray absorption spectroscopy 
 Near Edge X-ray Absorption Fine Structure (NEXAFS), also known as X-Ray 
Absorption Near Edge Structure (XANES), is a spectroscopic technique that refers to 
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technique where the photon energy is fixed and the electron intensity is measured as a 
function of electron kinetic energy, the x-ray in NEXAFS is scanned and the absorbed 
x-ray intensity is measured. In NEXAFS, excitonic states that resulted from the 
formation of bound electron-hole pairs manifest themselves as fine structures 
(resonances) in absorption spectra [15]. The principle of NEXAFS is based on the 
determination of the x-ray absorption coefficient µ depending on the photon energy 
hv at a fixed angle of illumination. Since optical excitation of a core-shell electron 
requires the binding energy as a minimum photon energy, the transgression of this 
energy will coincide with an increased absorption coefficient. This results in the 
formation of absorption edges, which may be indexed by their atomic subshells 
(K,L,M,N…). The intensity of a monochromatic x-ray passing through a medium of 
finite thickness d will follow the absorption law defined by 





zµα , 3< x <4 
 The fine structure of this element-specific edge of the absorption coefficient is 
influenced by the energy of unoccupied electronic levels. Only a photon with 
sufficient energy can enable the photoexcitation of a core level electron beyond the 
vacuum level. The ionized atom may relax by occupation of the core hole with an 
electron from the valence band. While the energy generated may not be used for the 
emission of a photon, it is most likely to be absorbed for the vacuum emission of an 
Auger electron. A pictorial illustration of this process is shown in Fig. 2.9(a). By 
surveying the K-shell spectra of clean and modified surfaces, the internal structures of 
chemisorbed molecules may be established.   
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Three detection techniques may be applied to study the electrons emitted from 
the substrate. They are namely the Auger electron, Partial electron and Total electron 
yield techniques, represented in Fig. 2.9(b). In Auger electron yield (AEY) detection, 
the spectral window of the concentric hemispherical analyzer is set around the Auger 
transition energy K-shell valence-valence (KVV) of the element of interest and its 
intensity is recorded as a function of photon energy near the elemental K-edge. 
Interference of photoemission peaks may be circumvented by applying a triangular 
modulation of 50 V at 1 kHz on the dc voltage that define the electron pass energy 
through   the   analyzer, where   photoelectron   peaks in   the   recorded  spectrum  are 
averaged out.  
In Partial electron yield (PEY) detection, Auger electrons that suffer an energy 
loss and emerge from the substrate with a kinetic energy less than the elemental 
Auger electron energy (Ea) is measured. These inelastic Auger electrons can be found 
in the elastic Auger electron tail. In Total electron yield (TEY) detection, electrons of 
all energies originating from the substrate are collected. The TEY signal comprises 
mainly of electrons with kinetic energy below 20 eV (inelastic tail). These 
inelastically scattered Auger electrons from the adsorbates are responsible for the 
desired NEXAFS signal. As a rule of thumb, a monolayer-adsorbate will contribute to 
1% of the TEY signal. In this dissertation, all absorption spectra were presented in the 
TEY mode.  













Fig. 2.9 Schematic diagram of (a) a photon absorption process giving rise to a 
photoelectron and a core hole, and the (b) yield window comprising the Auger 
electron yield (AEY), Partial electron yield (PEY) and Total electron yield (TEY). Ep 
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Chapter 3: Characterization of BCN films with different 




High Resolution Electron Energy Loss Spectroscopy (HREELS) has been 
used to characterize the phonon modes on chemical vapor deposited amorphous 
Hexagonal Boron Nitride (h-BN) films doped with different carbon content. The TO⊥, 
LO and TO|| modes of h-BN were observed on samples with C content < 10%, whilst 
only the TO⊥ mode of h-BN can be observed for amorphous BCN samples with 
carbon content ~20%.  Samples with C content ~30% do not exhibit TO⊥, LO and 
TO|| modes of h-BN. The acoustic phonon mode (K→0) shows a shift towards the 
















 The synthesis of ternary BCN films is motivated by the fact that Boron Nitride 
and carbon are isoelectronic and isostructural. Analogous BN and carbon compounds 
of the cubic and hexagonal phases have similar lattice constants, favoring ternary 
alloy formation. BCN films can have potential applications in low friction hard 
coatings, as well as in low dielectric constant films useful in low-k interconnects [1]. 
The latter application is especially promising as doping of h-BN films with 5% carbon 
has been found to produce an effective dielectric constant of ~2.1 [2]. As the carbon 
content increases in the films, it is interesting to consider the nature of bonding 
between BN and C in the ternary films since the electronic and dielectric properties of 
the films depend on these. Among the different poly-types, it is possible to have 
carbon-doped BN films where intra-layer bondings between B and C, or C and N, are 
absent. Poly-types also range from BCN films with distinct B-C and N-C bondings in 
the intra-layers, to films with phase-segregated BN and C. There have been several 
efforts to apply High resolution X-ray absorption near edge structure (XANES) and 
NEXAFS techniques to elucidate electronic and structural information of the ternary 
films with different B:C:N composition [3]. It was found that the structure of the 
ternary alloy films is a complex mixture of sp3 and sp2 bonded phases and depends 
sensitively on growth parameters such as temperature and ion energy of the 
precursors.  
 In this work, we apply HREELS, a surface sensitive vibrational spectroscopic 
probe, to document the vibrational frequencies of amorphous BCN films produced by 
chemical vapor deposition. There have been no reports of the study of BN thin films 
by HREELS apart from the characterization of single borazine monolayer on metal 
substrates [4,5,6,7]. The BCN films synthesized are amorphous and insulating (i.e. 
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surface resistivity in the range of MΩ cm-1) and pose a challenge for characterization 
by HREELS since the latter technique is usually employed for single crystal study. 
The scattering cross section of electrons in HREELS is related to the dielectric 
response of the system. The dielectric function in the far infrared region (<100 meV) 
is known to be strongly influenced by inter-layer interaction between the graphite 
planes. In this case, the interaction between BN and C planes in BN:C inter-layer 
system may influence the positions of the acoustic modes depending on the respective 
atomic concentrations. The HREELS spectra are normalized to the zero energy loss 
peak. 
  
3.2 Results and discussion 
 Three BCxN films were deposited by microwave plasma chemical vapor 
deposition using borazine (B3N3H6) and methane as the source gas. P-doped silicon 
(100) was used as the substrate with the substrate temperature maintained at 800 °C 
during deposition. The bulk concentration of B:C:N in the films was verified using 
depth resolved X-ray photoelectron spectroscopy, and the average C concentration in 
the film was found to be ~10%, 20% and 35% on #BN1, #BN2 and #BN3. All three 
films were amorphous as judged from Transmission electron microscope (TEM) 
analysis. Here we show the TEM images of #BN1 and #BN3 in Fig. 3.1(a) and (b). It 
can be seen that #BN1 has a turbo-stratic structure, while #BN3 is totally amorphous. 
The EELS spectrum of #BN1 in Fig. 3.2 shows distinct σ* and π* states [8,9] 
characteristic of the hexagonal BN phase, compared to an ill-resolved EELS structure 
for #BN3, which is normally associated with samples with a higher degree of sp3 
content. The position and the characteristically strong Boron-K π* and σ* states 
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residing at 190 and ~200 eV respectively in Fig. 3.2 (b) are consistent with standard 
crystalline h-BN signatures reported by Huang and coworkers [10].    
 
Fig. 3.1 Transmission electron micrographs of boron nitride substrates containing (a) 
10% (#BN1) and (b) 35% (#BN3) carbon content. 
 













Electron Energy Loss (eV)
 
Fig. 3.2 Electron Energy Loss Spectra (EELS) recorded from (a) #BN1, an amorphous 
BN film deposited on Si(100) plane; (b) EELS recorded from # BN2 film. 
(a) (b) 




Fig. 3.3 Boron K-edge absorption spectra of boron nitride substrates containing (a) 
10% (#BN1) and (b) 35% (#BN3) carbon content. 
 
Complimentary Boron K-edge NEXAFS spectra in Fig. 3.3 reveal that both 
#BN1 and #BN3 film exhibit a dominant hexagonal structure revealed by the presence 
of π* states residing at 189 eV, a value close to bulk h-BN of 192 eV by Shimoyama 
and coworkers [11]. The second edge appearing at higher energies are due to the σ* 
states which intensity increases for films with higher C content, reflecting a higher 
degree of sp3 bonding in the films. This result agrees with the EELS characteristics of 
#BN1 and #BN3. 
Next we examine the near surface vibrational features of these BCxN samples 
using HREELS. The specular peaks recorded from the mirror-shine sample have a 
FWHM of 8-10 meV typically when the count rate is 3000 cts.  For amorphous 
sample, we found that impact scattering, where electron beam permeates to within 1 
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nm of the surface, is  responsible  mainly for  the observed energy loss  peaks. This is 
confirmed  
 
Fig. 3.4 High resolution electron energy loss spectra of boron nitride substrates 
containing (a) 10% (#BN1), (b) 20% (#BN2) and (c) 35% (#BN3) carbon content.  
 
by our angular dependence study of the phonon peak signals, where impact-scattering 
dominated loss peaks become more intense at off-specular directions (as will be 
discussed later in the chapter). Hexagonal BN has two infra-red active modes at       
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transverse optical phonon with out of plane polarization (TO⊥) can be found in BCN 
samples with C<30%. Fig. 3.4(a) and (b) highlight the TO⊥ mode found in sample 
BN#1 and  
Table 3.1 Comparison of the vibration modes of monolayer and bulk h-BN.  
Types of h-BN Monolayer [6] Bulk [12] Experimental 
Vibration frequencies 
(meV) 










BN#2. The frequencies of the TO⊥ mode is relatively constant, and is closer to that of 
the bulk value of 96 meV predicted theoretically for h-BN compared to monolayer 
BN adsorbed on metal surfaces [5]. A summary of the vibration modes for monolayer 
and bulk h-BN is shown in Table 3.1.The longitudinal optical mode at 174 meV, 
broadened by contribution from the TO|| and second harmonic of the TO⊥, is observed 
only for BN#1 where the C concentration is <10%, this sample is characterized by a 
turbostratic structure in TEM, i.e. randomly oriented crystalline fringes. The 
experimentally observed LO mode of #BN1 agrees very well with the theoretically 
calculated h-BN optical phonon. According to the lattice dynamic theory based on a 
shell model, the TO phonon energy at Γ is determined mainly by short range 
interactions, whilst the LO phonon energy at Γ is determined by both short range and 
long range interactions.  
Two reasons could give rise to the absence of the LO mode on samples with 
C> 10%: (i) poorer crystalline quality, these samples appear totally amorphous in the 
TEM, there is not sufficient long-range ordering to produce coherent phonon mode 
(ii) the change in hybridization of the BN π electrons due to growth of sp3 type 
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phases, like B-C bonds, which removes the in-plane electrical field responsible for LO 
mode scattering. For example, samples with higher C content show more σ* state 
compared to π* states in XANES as well as EELS measurement. Another noteworthy 
feature in the HREELS spectra in Fig. 3.4 is that all samples show acoustic modes at 
low frequencies, and these display a blue shift with higher carbon doping content. We 
suggest that the shift in the acoustic mode may correlate to a change from sp2-type 
bonding in the film to sp3-type bonding with carbon dilution of the BN matrix, 
although the exact mechanism giving rise to this is not known.  
 
Fig. 3.5 High resolution electron energy loss spectra of boron nitride substrate 
collected at (a) specular, (b) 4, (c) 6 and (d) 10 degrees off specular scattering 
geometry. Both the TO and LO modes quenched completely at 10 degrees off 
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The acoustical nature of the low-energy lying phonon labeled I is evident in an 
angle-dependence study shown in Fig. 3.5. As acoustic phonons are impact scatterers, 
increasing the off specular scattering angle resulted to an increase in the parallel 
wave-vector transfer ||Q , defined by 
|sinsin||| siakQ θθ −=   Equation (3.1) 
where ak  represents the absolute value of the wave-vector of the incident electrons 
and iθ  and sθ  denote the incident and scattered angle normal to the surface.  
 
 
Fig 3.6  Phonon dispersion curves of reference monolayer h-BN on Ni(111). Figure 
taken from J. Phys.: Condens. Matter 9, (1997) 1. 




Fig. 3.7 High resolution electron energy loss spectra of boron nitride substrate 
(containing 20% carbon, #BN2) dosed with (a) 10, (b) 100, (c) 1000 and (d) 10,000 
Langmuir of methanol at room temperature. The methanol saturated surface was flash 
annealed to (e) 100 ºC. The C-O stretching and C-H bending modes are shown on the 
right-hand-side, respectively. 
 
A schematic diagram of the scattering mechanism is illustrated in Chapter 2 Fig. 2.4. 
Nienhaus and coworkers [13] collected the surface-phonon dispersion curves of 
cleaved GaAs(110) surfaces using HREELS and reported the presence of low-energy 
acoustic phonon. The origin of this acoustic phonon was verified by performing angle 
resolved HREELS, where they observed the acoustic phonon, originally absent in the 
specular scattering geometry, emerged as ||Q  deviated from zero. This acoustic 
phonon exhibited a consistent red shift at increasing impact scattering geometry. By 
the same token in this work, the ||Q  value is tuned though a scattering angle away 
from the specular scattering geometry as shown in Fig. 3.5.  










Fig. 3.8 High resolution electron energy loss spectrum of methanol saturated boron 
nitride substrate (containing 20% carbon, #BN2) flash annealed to 200 ºC. 
 
The peak labeled I in Fig. 3.5 exhibited a red shift away from the elastic peak 
from 30 meV in (a) to about 35 meV in (d), while both the dipole scattering 
dominated TO and LO modes quenched completely in (d). Therefore, the peak labeled 
I in Fig. 3.5 is assigned to be due an acoustic phonon mode. The assignment of the 
mode at 30 meV to be an acoustic phonon is also consistent with the phonon 
dispersion curves of monolayer h-BN on Ni(111) substrate presented by Oshima and 
coworkers, shown in Fig. 3.6.   
 The surface of the BN sample is relatively inert, and exposures to hydrogen or 
oxygen beam results in no detectable adsorption peaks in HREELS. Exposure to 
methanol however results in appearance of two methanol related peaks, residing at 
132 and 180 meV, respectively. They correspond to the C-O stretching and C-H 
x50
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bending vibrational modes [14] of methanol at 10 and 100 Langmuir exposures as 
shown in Fig. 3.7 (a) and (b). When the surface was dosed with 1000 Langmuir of 
methanol in Fig 3.7 (c), the C-O stretching mode became more prominent. The 
intensity of the C-O stretching mode reaches a maximum at 10,000 Langmuir 
exposures of methanol in Fig. 3.7 (d), suggesting that multilayer adsorption 
mechanism may be present. When the methanol dosed surface was flash annealed to 
100 ºC, the C-O stretching mode located at 132 meV attenuated significantly but did 
not vanish totally, indicating some surface modification may have occurred on flash 
annealing. While the intensity of the C-O stretching mode attenuated significantly on 
flashing annealing to 100 ºC, the intensity of the C-H bending mode increased by one-
half. This could be due to the dissociation of the methanol molecules, and the 
subsequent retention of C-H species on the surface which resulted in an increase in 
intensity of the C-H vibrational modes. Indeed, when the surface was further flash 
annealed to 200 ºC in Fig. 3.8, the C-O stretching mode located at 132 meV vanished 
totally, the C-H bending mode, however, remained.  
 
3.3 Conclusions 
 In conclusion, we have applied HREELS to study amorphous hexagonal BN 
fims.  The presence of TO and LO mode (infra-red active mode at 96 meV (A2u) and 
173 meV (E1u) respectively) of h-BN can be detected on samples with carbon content 
less than 10%. The positions of these modes agree better with bulk BN than that 
reported for monolayer borazine. With increasing carbon content, the films become 
more diamond-like (in terms of increasing sp3 bonding), and the LO modes cannot be 
observed on these samples. The room temperature adsorption of methanol on the BN 
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surface was studied using HREELS, and C-H retention on the surface was observed 
following the dissociation of methanol. 
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Chapter 4: High resolution electron energy loss spectroscopy 




 Using high resolution electron energy loss spectroscopy (HREELS), we have 
characterized the fingerprint spectra of clean, hydrogenated, methanol-dosed and air-
exposed n-doped Ge(100). On clean Ge(100) 2×1, we report the observation of a 
surface phonon peak between ~28-35 meV. The position and shape of this peak is 
sensitive to the presence of low surface coverage of hydrogen and oxygen. By 
adsorbing molecular hydrogen on the n-doped Ge, this peak shifts towards the elastic 
peak, and becomes attenuated. The HREELS spectrum of air-exposed Ge is similar to 
that created by dosing Ge with methanol.  Methanol undergoes dissociation into 
methyl radicals and hydroxyl species on Ge surfaces at room temperature and 
oxidizes the Ge surface readily. Surface oxidation is achieved by dosing molecular 
oxygen on dimerized germanium surface. This process is precursor mediated. 
 




 Interests in Germanium (Ge) has renewed recently due to the ease of 
integrating Ge in SiGe alloy for heterobipolar transistors [1]. Other attractive 
properties such as narrow band gap, high hole mobility and high solubility for p-type 
dopants also makes it a suitable candidate for high performance devices [2]. However, 
effective utilization of Ge in high-speed devices would require the preparation of 
stable and good quality gate oxide layer [3].  Thus, surface chemistry issues like 
passivation, cleaning [4], control of oxidation, and how surface adsorbate influences 
charge density on Ge are critical.  
 Even though the Ge(100) 2×1 surface is analogous to the Si(100) 2×1, 
different reactivities may be expected because of the larger degree of surface dimer 
buckling [5] in Ge.  It is well known that unlike a Si wafer, an air exposed Ge wafer is 
only covered with a thin GeO2 layer, which could be readily removed by annealing to 
500 ºC. While many studies have been carried out on SiO2, much less is known about 
the surface chemistry of GeO2. Using high resolution X-ray photoelectron 
spectroscopy, Tabet and coworkers [6,7] found an increase in interface electronic 
state at the germanium/ oxide interface and attributed it to the presence of carbidic 
species.  
 Our contribution to the surface chemistry of Ge, as reported in this thesis here, 
is threefold. First, the signature of a clean Ge surface has been characterized using 
HREELS. Even though surface phonons on clean silicon were observed as early as 
1971 by H. Ibach [8], it has not been reported on Ge to date.  The Ge dimers on the 
reconstructed 2×1 surface, due to its buckling and polar character [5], are expected to 
contribute to dipole scattering.  Second, when a clean Ge surface is exposed to air for 
a short period of time, we find that it rapidly develops strong, characteristic HREELS 
Chapter 4 Ge(100) 2 x 1 and surface modification 
 
 49
signature peaks, which are not readily attained by dry oxidation in vacuum. We have 
investigated the mechanism for the generation of these peaks by reacting the Ge 
surface with methanol. Third, we investigated the initial oxidation stage of a clean 
germanium surface dosed with molecular oxygen for the first time using HREELS. 
The polar characteristic of the surface germanium dimer atoms plays a determinant 
role in governing the reaction pathway for surface oxidation. 
 
4.2 Experimental 
 The experiments took place in a dual-chamber UHV system.  The analysis 
section is equipped with a mu-metal shielded Delta 0.5 High Resolution Electron 
Energy Loss spectrometer (SPECS GmbH) and a reflection high energy electron 
diffraction (RHEED) system.  In the sample preparation section, argon sputtering and 
gas dosing facilities are available. The base pressure of the system is 1 × 10-10 Torr. 
The sample used was n-doped (5.3 × 1017 Sb) Ge(100) which was subjected to 
multiple cycles of argon sputtering (600 eV) and flash annealing to 600°C until a clear 
2×1 pattern emerged in the RHEED pattern. For the methanol dosing experiment, the 
methanol was leaked in through a precision leak valve. The gas dosing lines and the 
vessel housing the methanol were heated to 100 °C to generate enough vapor pressure 
for dosing.  
  In order to assign the vibrational frequencies of the HREELS experimental 
results, density functional calculations were carried out with Gaussian98 [9].  The 
clean Ge(100) 2×1 surface is modeled using a Ge9H12 cluster shown in Fig 4.1(a). The 
buckling angle (~16o) of the dimer for this optimized cluster model is in good 
agreement with previous calculations based on the periodic slab [10,11,12].  
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Figure 4.1 Models used in theoretical calculations.  (a) The Ge9H12 cluster used to 
model the clean Ge(100) 2×1 surface (b) A partially saturated monohydride surface 
(c) A fully saturated monohydride surface (d) A dihydride surface (e) a H8Ge8O12 
cluster used to model the GeO2 layer (f) A H8Ge8O12-CH3 cluster. 
 
To model the oxidized Ge surface, we construct a H8Ge8O12 cluster (Figure 
4.1(e)) analogous to the spherosiloxane H8Si8O12 cluster, which has been used 
previously to simulate silicon oxide [11-14]. To simulate the possible products that 
can be formed when methanol reacts with Ge, a model where the hydrogen atoms in 
the H8Ge8O12 cluster are replaced by methyl groups is considered (Fig. 4.1(f)). The 
vibration frequencies reported here were obtained from the fully optimized structures 







          : Ge atom 
 
            :  C atom 
         
            :  O atom 
 
            :  H atom 
(f)
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4.3 Results and discussion 
4.3.1 As-received Germanium  
 HREELS was applied to identify the bonding characteristics of the as-
received Ge surface shown in Fig. 4.2(a).  The as-received Ge surface which has been 
exposed to air is coated with a layer of mixed GeO and GeO2 phases. For bulk GeO2, 
loss peaks at 33 and 62 and ~112 meV are observed [16,17,18].  Such characteristic 
peaks can also be observed in Fig. 4.2(a), thus confirming the presence of oxide on 
the as-received Ge.  Apart from these oxide-related peaks, strong loss peaks at 170 
meV and 365 meV attributable to the bending and stretching modes of methyl 
radicals, respectively, are present, indicating that the as-received Ge(100) is 
contaminated by carbonaceous species.  
  
 
Fig. 4.2 HREELS spectra of (a) as received n-doped Ge(100), and following flash 
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 When the surface was flashed annealed to 200 °C and 400 °C respectively, 
the Ge-O related peaks were found to attenuate significantly in Fig. 4.2(b) and (c), but 
the methyl peak did not vanish totally. Repeated flash annealing to 500 °C was 
required to remove all these adsorbate peaks. One explanation is that the 
carbonaceous species is not restricted to superficial adsorption, but permeated 
throughout its depth. [6,7]. The clean Ge wafer was then transferred into a load-lock 
chamber to expose the wafer to ambient for one minute before introducing it back into 
the HREELS chamber for observation. We found that all the observed peaks, 
including the methyl radical peaks, re-appeared on the surface, as shown in Fig. 
4.2(d). This suggests that the formation of an oxidized oxide with incorporated 
carbonaceous species is a facile process.  
 To simulate the vibrational frequencies of the methyl-terminated oxide 
more realistically, the H8Ge8O12-CH3 model where a methyl (-CH3) group is attached 
to the Ge atom is considered [Fig. 4.1(f)].  The key vibration modes in these clusters 
are presented in Table 4.1, where we can see good agreement between experiments 
and theory for the Ge-O-Ge stretch and wagging modes, as well as methyl bending 
and stretching modes. Methylization can occur via sites like traps, vacancies, or other 
defects on Ge, where capture of methyl fragment is facilitated through dangling bonds 
on the defect sites.  The termination of the Ge atoms by methyl groups limits the Ge-
O-Ge bonding network and creates porosity in the oxide, this encourages hydrocarbon 
to permeate throughout the depths of the oxide. 
 
4.3.2 Cleaned Germanium  
 The unreconstructed Ge surface has an elastic peak with a broad full-
width-half-maximum (FWHM) (> 10 meV) at room temperature, this prevents the 
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observation of loss peaks within +50 meV of it.  Part of the reason for this broadening 
is due to the thermal excitation of two dimensional plasma electron gas on the n-
doped Germanium.  It has been reported that lowering the substrate temperature has 
an effect of narrowing the FWHM of the quasi-elastic peak due to changes in the 
Bose-Einstein spectrum of plasmon excitation and reduction in the sheet electron 
density with temperature [19]. However we attribute the main reason for the peak-
broadening to the unreconstructed surface. To observe energy loss features near the 
elastic peak, the Ge surface has to be cleaned thoroughly with multiple cycles of 
argon sputtering and annealing. 
 A clean surface is characterized by the absence of all adsorbate-related 
peaks in HREELS, as well as the appearance of a 2×1 reconstruction pattern in 
RHEED, as shown in Fig 4.3. In addition, surface characterization by HREELS 
indicated a narrowing of the FWHM of the elastic peak to 3 meV, accompanied by the 
manifestation of a distinct loss peak which resided initially at 28 meV following the 
heating, and which shifted to 35 meV upon cooling to room temperature, as shown in 
Fig 4.4(a)-(c). The position of this peak is very sensitive to sample preparation history 
and the presence of sub-monolayer of surface adsorbate. 
  
 
Fig. 4.3 Reflection high energy electron diffraction pattern of Ge(100) 2×1 
reconstructed surface. 




Fig. 4.4 HREELS spectra of (a) clean Ge 2×1 surface obtained within several minutes 
of flash annealing, and after leaving the samples in vacuum for (b) 30 minutes and (c) 
60 minutes. 
  
 Given that Si has an optical loss peak at 56 meV [8], simple extrapolation 
based on reduced mass calculation (the ratio of the square root of the Ge and Si 
masses ~1.61) predicts that the analogous loss mode in Ge will be around 34 meV.  
This is supported by our B3LYP/6-31G* calculation with the Ge9H12 cluster, where 
the Ge dimer stretching mode is found to be at ~35 meV. Phonon density of state 
calculation by Tütüncü using the adiabatic bond charge model also reported the major 
phonon peak to be at 35 meV [20].   Therefore, we assigned the loss peak at 35 meV 
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4.3.3 Dosing Germanium with Hydrogen 
 Eggeling and coworkers have investigated the behavior of the quasi-elastic 
peak on the clean and hydrogen-terminated Ge(100) surface and provided strong 
evidence for the existence of two-dimensional plasmons supported by a thin metallic 
surface layer [21].  In this work, we found that phonon-plasmon coupling can be 
induced by surface absorbate and this affects the positions of the phonon peaks.  The 
influence of H2 adsorption on the position and shape of the surface phonon mode peak 
was investigated by dosing molecular hydrogen on the clean 2×1 surface. Figure 
4.5(a)-(e) detail the shift in the phonon peak position with hydrogen dose. From the 
clean surface characterized by a surface phonon mode at 28 meV initially (Fig. 
4.5(a)), increase in hydrogen dosage (up to 5 Langmuirs i.e. 5 x 10-9 Torr.1000s) leads 
to a shift of the peak from 28 meV to 23 meV. Subsequently, there was attenuation in 
the intensity of this phonon peak and it gradually vanished into the broadened 
inelastic tail after 10 Langmuirs of H2 dose. At 10,000 Langmuirs, the uptake of H2 on 
the surface was evidenced by the presence of peaks at 66 meV and 245 meV in Fig. 
4.5(g), which is consistent with the chemisorption state of Ge monohydride and 
dihydride species on the surface [22].   
Within the framework of the dielectric theory for surface scattering, the shape 
of the energy loss spectrum is essentially determined by the surface loss function  
Im[-1/( ( )ωε +1)] if multiple excitations are excluded.   The total dielectric constant 
takes into account both the lattice oscillator as well as the free electron contribution. 
The position of the near-specular phonon peaks for n-type material depends 
sensitively on the degree of coupling between the surface phonons and plasmons, with 
the latter dependant on the electron density n in the conduction band. For n-type 
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material, the complex bulk dielectric function ( )ωε in the spectral range of the infra-
red active  
 
Fig. 4.5 HREELS spectra of (a) clean Ge 2×1 surface, and following exposures to 
molecular hydrogen at exposures of (b) 1, (c) 2, (d) 3, (e) 4, (f) 5 and (g) 10, 000 
Langmuir, respectively. 
 
phonons is influenced by the free electrons in the conduction band. The effective 
carrier density n can be varied both by bulk doping, as well as by a change in band 
bending due to gas adsorption. Hydrogen adsorption bends the band upwards and 
electrons are depleted near the surface, so n is reduced below the bulk value. A one 
Langmuir gas exposure on the GaAs(110) surface for example has been shown to 
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on samples with weaker doping [21]. Therefore the shift in the surface phonon peak 
towards the elastic peak with hydrogen adsorption in this work may indicate a 
progressive depletion of surface electron density.  
 Our frequency calculations of the monohydride and dihydride species on 
the Ge 2×1 cluster agree with the frequencies of the experimentally observed peaks in 
this work. Figure 4.1(b)-(d) show three models with varying amount of hydrogen 
coverage on the Ge 2×1 dimer.  The two most distinctive Ge-H vibrations on the 
monohydride surface are the rocking mode γr(GeH) and the stretching mode νs(GeH) 
at ~65 meV and ~241 meV, respectively.  For the dihydride species, the 
corresponding modes are located at 71 meV for γr(GeH), and 241 meV for νs(GeH). 
The intensity of the surface dimer vibration mode for both the half- and fully saturated 
monohydride model [Figure 4.1(b) and (c)] is ∼25 meV, but this is a weak mode.  
Compared to vibration of the hydrogen-free dimer of the clean Ge9H12 at ∼35 meV, 
there has been a red-shift to 25 meV following the formation of the mononhydride on 
the dimer.  The dihydride model [Figure 4.1(d)] does not have any surface dimer 
vibration mode due to the lifting of the surface dimer bond. Therefore, as more 
surface dimers are chemisorbed with hydrogen, the dominating vibration mode 
gradually shifts from the clean surface dimer vibration (∼35 meV) to the partially 
saturated monohydride surface dimer vibration (∼25 meV), and disappears completely 
when the saturated dihydride surface is obtained (the surface dimer bond is broken).  
This does seem to explain the observed shift in the phonon peak at 35 meV towards 
the low wavenumber regions with hydrogen uptake in Fig. 4.5. However the intensity 
of the vibration of surface dimer mode is weak according to our calculations and 
unlikely to contribute significantly to the much more intense phonon peak observed 
experimentally. Therefore we believe that phonon-plasmon coupling [23] is the main 
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factor responsible for the observed red-shift of the phonon peak. It is also apparent 
now why the observation of the surface phonon mode on n-doped Ge can be difficult 
if the surface is not prepared properly; hydrogen is ubiquitous in most vacuum 
systems and low coverage of hydrogen on the surface is sufficient to attenuate the 
signal of the phonon peak.   
 
4.3.4 Dosing Germanium with Oxygen 
  
Fig. 4.6 HREELS spectra of (a) Ge 2×1 surface, and following various molecular 
oxygen exposures of (b) 2, (c) 4, (d) 6, (e) 8 and (f) 10 Langmuir, respectively. 
 
The effect of molecular oxygen uptake on the surface phonon peak was 
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surface, as shown in Fig. 4.6. At low O2 dosage, the characteristic vibrational peaks 
due to Ge-O-Ge could not be detected by HREELS because the scattering was  
 
Fig. 4.7 HREELS spectra of Ge surface following exposure to molecular oxygen at 
dosages of (a) 10, (b) 100, (c) 1,000 and (d) 10,000 Langmuir, respectively. 
 
dominated by surface optical phonons. However the position and shape of the surface 
phonon peak was affected even at low coverage of oxygen uptake. We observed 
gradual broadening of the surface phonon peak at 28 meV in Fig. 4.6(a), along with 
the emergence of an additional peak at 38 meV at 10 L O2 dose in Fig. 4.6(e). Our 
cluster calculations of the several O bonding configurations (data not shown) 
including either the O-bridging model, i.e. Ge-O-Ge on Ge(100) 2×1, or O-insertion 
into Ge dimer backbonds, revealed no distinct Ge-O vibrations at this frequency.  
Therefore, the experimentally observed peak at 38 meV at 10 L of O2 could be the 
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The direction of shift is in the opposite direction (towards higher wavenumber) 
compared to that of hydrogen adsorption, because the presence of oxygen causes a 
downward band bending. 
 If the dosage of oxygen was increased to 100 Langmuirs, significant 
broadening of the elastic peak was observed such that the surface phonon mode 
became attenuated in the broad inelastic loss tail. The characteristic peak due to      
Ge-O-Ge asymmetrical stretch can be seen in Figure 4.7(a) at 112 meV. This is the 
first pronounced peak to emerge in the spectrum, which broadens with further oxygen 
dose.  At the highest dose of 10,000 Langmuirs, the wagging and symmetric 
stretching modes of Ge-O-Ge emerge in Figure 4.7(d). Further increase in dosage did 
not increase the peak intensity, suggesting that in-situ oxidation of Ge by O2 at 100 °C 
was kinetically limited by the diffusion rate of O2 in the Ge crystal. 
 
4.3.5 Dosing Germanium with methanol 
 When the Ge wafer was exposed to air for one minute at room temperature, 
strong Ge-O-Ge signals, together with the characteristic methyl peaks of as-received 
Ge wafer appeared, similar to what is shown in Fig. 4.2(d).  This suggests that the 
oxidation of Ge in air is a very efficient process. Besides the pressure gap in the 
reaction conditions compared to vacuum oxidation, the combination of moisture, 
oxygen, and the presence of hydrocarbon impurities in the ambient generate a more 
efficient environment for oxidation than using pure oxygen alone. To test this 
hypothesis, we proceed to dose the Ge wafer with methanol in vacuum conditions, as 
the latter molecule contains both methyl radicals and hydroxyl groups. 
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Table 4.1:  Theoretically calculated IR vibration modes for the H8Ge8O12   












Ge-O-Ge γw(GeOGe) 33 37 38 
 νs(GeOGe) 62 64 66 
 νas(GeOGe) 112 117 116 
Ge-CH3 ω(CH) 170  - 162 
 ν(CH) 365  - 374 
 
Vibration Modes Legend 
νs   : symmetric stretching 
νas   : assymetric stretching 
ω : bending 
γw  : wagging 
e    : Figure 1(e) 
f    : Figure 1(f) 
 
Figure 4.8(a) shows the energy loss peaks after methanol was successively 
dosed on the surface at room temperature. Judging from the rate of increase of Ge-O-
Ge related peaks as a function of methanol dosage, the oxidation appears to be more 
efficient compared to dosing with pure oxygen alone. The methanol-dosed surface 
was characterized by several sharp peaks, some of which were assigned with the aid 
of the Gaussian calculations in Table 4.1.  Peaks I and II are characteristics of Ge-O-
Ge vibration modes [19,20,22], peak III (128 meV) is due to the C-O of the methoxy 
group [23], peak VI is assigned to OH stretching, and peaks V and IV are due to the 
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CH3 stretching and bending modes, respectively.  Compared to the typical OH stretch 
of ~460 meV in the gas phase, peak VI is shifted downward to 418 meV, which is 
much closer to the value expected for liquid methanol at 404 meV.  This suggests that  
 
Fig. 4.8 HREELS spectra of Ge surface following methanol exposures of (a) 10, (b) 
100, (c) 1,000 and (d) 10, 000 Langmuir, respectively. Air-exposed Ge is shown in (e) 
for comparison. 
 
a condensed liquid methanol phase has adsorbed on the surface. At dosages of up to 
10,000 Langmuirs, the methyl-related peaks (IV, V) were observed to increase in 
intensity. The appearance of the Ge-O-Ge, CH3, C-O and OH peaks in Figure 4.8 
indicates that dosing methanol on the Ge surface results in the dissociation of 
methanol and oxidation of Ge to form methoxy-incorporated Ge-O-Ge matrices.   
 The spectrum of air-exposed Ge is shown in Fig. 4.8(e) for comparison with 
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many similarities with methanol-exposed Ge in terms of the vibrational frequencies of 
the surface adsorbates. For example, similar to the methanol-dosed sample, the air-
exposed Ge surface is enriched with Ge-O and methyl peaks, although these show 
higher peak intensities. The simultaneous presences of Ge-O-Ge and methyl peaks 
suggest the formation of a methoxy-incorporated oxide on the surface. The intense 
peak intensities of the air-exposed sample suggest the possibility of incorporation of 
the methyl groups throughout the depths of GeOx during the rapid growth of the 
oxide. Moisture from the air first condenses on the Ge surface to form a liquid film, 
similar to that of condensed methanol in vacuum. Upon condensation, it facilitates the 
incorporation of hydrocarbon species by partially dissolving the surface germanium 
oxide. This underscores the difficulty of preparing a clean Germanium oxide structure 
free from hydrocarbon incorporation. 
 
4.4 Oxidation of clean germanium surface 
 Reconstructed Ge(100) 2×1 surface is characterized by dimer pairs 
manifesting in a buckled arrangement [24]. Like silicon, the electron density is 
localized on the top germanium dimer atom, conferring a negative charge. The bottom 
germanium dimer atom thus has a positive charge relative to the top dimer atom. The 
polarity difference between the dimer atoms created a conducive environment for 
electronegative adsorbate such as oxygen, which attacks the top dimer atom first to 
achieve a favourable oxide dimer-state. Fukuda and coworkers [25] studied the initial 
stage of the interaction of the Ge(100) 2×1 surface with molecular oxygen using 
scanning tunneling microscopy (STM) and concluded that surface dimer buckling is 
stablised by the presence of oxygen-reacted surface. From this, it is plausible to infer 
that a mixed environment comprising of both oxidized dimer and buckled dimer states 
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can co-exist on the same surface at low coverage. In this dissertation, a freshly 
prepared Ge(100) 2×1 surface was dosed with 12 Langmuir of molecular oxygen at 
100 ºC. The germanium substrate was allowed to cool to room temperature before 
performing HREELS. The molecular oxygen dosed germanium surface was 
subsequently flashed annealed to 50, 100 and 200 ºC respectively to investigate the 
effect of temperature on the surface configuration of the oxidized states. 
 For the simulation study performed by Soon Jiamei, a Ge9H12 cluster model is 
used to represent the Ge 2×1 surface for all energy minimum calculations. All 
abridged bonds are terminated with hydrogen atoms to maintain the bonding 
environment, except for at the dimer where the dangling bonds are present to allow 
for oxygen attack. All atoms in the cluster model are allowed to relax fully using the 
B3LYP hybrid gradient-corrected density functional function (DFT) method with 
Becke’s exchange functional [26] and the Lee-Yang-Parr [27] correlation. The 
electronic structure is expanded using polarization basis functions of 6-31G (d) 
developed by George Petersson and coworkers [28,29] in the Gaussian98 suite [9]. 
The calculated infrared (IR) frequency data are scaled by a correction factor of 
0.9806, in accordance to previous work done by Scott and Radom [15]. Similar 
calculations [5] were performed using this cluster model with the same level of theory 
and the results were shown to be satisfactory. The buckling angle (~16°) of the dimer 
for this optimized cluster model is in good agreement with previous calculations 
based on the periodic slab [10,11,30]. 
For a simple model of an oxygen atom sitting on a two-fold symmetry site, it 
is possible to deduce the total number of vibration modes residing on the surface. One 
such simple model is that of the “ether” like mode with a bridging oxygen atom 
between the two germanium dimer atoms, forming a Ge-O-Ge bridging configuration 
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possessing C2v symmetry. For a non-linear chain like Ge-O-Ge, the total number of 
vibration modes present is expected to be 3N-6, where N corresponds to the total 
number of atoms comprising the configuration. Hence we should observe a total of 3  
 
Fig. 4.9 HREELS spectra of Ge(100) 2×1 surface following 12 Langmuir of 
molecular oxygen exposures (a) on freshly prepared substrate surface, and on flash 
annealing to (b) 50, (c) 100 and (d) 200 ºC, respectively. All spectra were collected at 
room temperature.  
 
vibration modes when the surface is dosed with molecular oxygen. Germanium is 
isoelectronic with silicon, thus the first starting basis may be to expect an oxidation 
reaction pathway similar to silicon. On Si(100) 2×1 surface, oxygen bridges two 
dimer atoms and manifests as 3 distinct vibration modes in HREELS, located at 
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the corresponding vibration modes present on the dimerised germanium surface 
should reside at 31.06, 61.34 and 89.29 meV, respectively. 
  
At room temperature, the HREELS spectrum in Fig. 4.9(a) shows 3 distinct 
peaks residing at 21.79, 33.57 and 53.57 meV, respectively. These observed values 
are different to those values predicted using the reduced mass calculation based on the 
Ge-O-Ge configuration (Fig. 4.10 (1)). Clearly, the simple Ge-O-Ge model does not 
describe the chemisorbed oxygen configuration present on the dimerized germanium 
surface well. When the oxygen dosed surface was flashed annealed to 50 ºC, the 
HREELS spectrum in Fig. 4.9(b) indicates the presence of a shoulder at 22.14 meV. 
The shoulder at 22.14 meV is shadowed by an intense surface phonon peak residing at 
31.43 meV. The enhancement in intensity of the surface phonon peak indicates a 
change in chemisorption configuration. After the surface was flashed annealed to   
100 ºC and the HREELS spectrum acquired at room temperature, 3 peaks located at 
42.5, 56.07 and 89.29 meV, respectively, were observed in Fig. 4.9(c). This indicates 
further change in the configuration of the adsorbed O. The surface phonon vibration 
mode is now completely quenched, evident by the absence of vibration modes in the 
region 30-35 meV. The disappearance of the dimer related vibration mode indicates 
that all surface dimers have interacted with the oxygen molecules. The surface was 
finally flashed annealed to 200 ºC and a HREELS of the surface was recorded after it 
has cooled to room temperature. In this case, all oxygen related peaks vanished 
completely, only a shoulder residing at about 25 meV is observed in Fig. 4.9(d).  
 The problem of the initial stage oxidation of silicon on Si(100) 2×1 has been 
considered by Koichi Kato and coworkers [32] using periodic density functional 
theory calculations. They reported that a direct one-step concerted reaction for the 
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dissociative chemisorption of O2 on silicon requires 0.8 to 2.4 eV for overcoming the 
activation barrier. In the models considered, the O2 molecule is dissociatively 
chemisorbed with one O atom sitting at the bridge and the other inserted into the  
Fig. 4.10 Proposed reaction mechanism for the oxidation of clean Ge(100) 2×1 
surface using molecular oxygen. 
 
backbond. However it is well known experimentally that the process is barrierless, so 
Koichi Kato proposed a two-step (indirect) mechanism for the backbond oxidation 
which does not require any activation barrier apparently. We believe that similar to 
silicon, the two-step mechanism may be operational in the case of Ge as well, so this 
would allow an apparently barrierless dissociative chemisorption of O2 on Ge. 
Therefore the common starting point for the initial stage adsorption of oxygen 
molecule in this work is model (1), a commonly considered starting model used in the 
literature for the initial stage oxidation of silicon 2×1 dimers. A schematic diagram 
showing the oxidation mechanism of clean Ge(100) 2×1 surface is proposed in       
Fig. 4.10. In this model, we consider that molecular oxygen dissociatively chemisorbs 
on the Ge dimer at room temperature such that one O bridges between the dimer, 
whilst another O inserts into the Ge-O-Ge backbond. This is the stable configuration 
at room temperature until the surface is heated, then an activation barrier can be 
(1) (2) (3) (4)
O2 
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overcome for the re-arrangement of the O. The final stable state appears to be the state 
where both O atoms are inserted into the Ge backbonds. Density functional theory 
calculations show that reaction (2) → reaction (4) is exothermic (unpublished work by 
Soon Jiamei).   
 
Table 4.2:  Peak matching between experimental HREELS and the selected 
theoretical model which shows the least RMS difference in peak position.  ‘Sym’ is 






Structure Peak Position/ meV 
Clean 
Surface 
35 (1) 14.36 (Dimer rock) 
36 (Dimer stretch) 
30 oC 22 
34 
54 
(2) 22(dimer-bridge wag) 
34 (Dimer stretch) 
63 (asym. stretch) 




(3) 21 (dimer bridge wag) 
31 (Dimer & free-bonding O 
stretch) 
61 (backbond sym stretch) 
100 oC 43 
        56 
89 
(4) 39 (backbond wag) 
51 (backbond sym stretch)  
88 (backbond asym stretch) 
 
Our theoretical calculation for the 2×1 reconstructed Ge surface revealed the 
presence of 2 dimer-related modes residing at 14.36 and 36 meV. They correspond to 
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the dimer rocking and stretching modes of clean dimerised germanium surface, 
respectively. A summary of the theoretically calculated values are listed with our 
experimentally observed values in Table 4.2. Experimentally, we observed a single 
vibration mode located at about 35 meV. The absence of the dimer rocking mode 
(predicted by our theoretical calculation) is attributed to the additional scattering from 
the free carriers (antimony) residing in the germanium substrate, which is known to be 
the cause for substantial additional broadening of the quasi-elastic tail [33].  Model 2 
in Fig. 4.10 is formed after the dissociative chemisorption of molecular oxygen on 
germanium, resulting in the insertion of one oxygen atom into the backbond, and 
another oxygen atom in the bridging position between the Ge dimer atoms. Fukuda 
and coworkers [25] performed scanning tunneling microscopy on oxidized 
germanium surface and provided strong evidence for the co-existence of both free 
germanium dimer states and oxygen-bridging states on the same surface. From     
Table 4.2, our DFT calculation predicted 3 vibration modes present in model 2, 
residing at 22, 34 and 63 meV. They correspond to the dimer-bridge wag, dimer 
stretch and asymmetrical stretch, respectively. These values are quite close to the 
experimentally observed vibrational peaks 21.79, 33.57 and 53.57 meV in Figure 
4.9(a).  The vibration mode at 34 meV (Fig. 4.9(a)) is attributed to the free 
germanium dimer states residing on the oxygen dosed surface. The modes at 22 and 
64 meV observed in Fig. 4.9(a) are assigned to oxide related modes described by 
Model 2.  
An activation barrier has to be overcome to transform Model 2 into Model 4, 
where the surface bridging oxygen is inserted into another backbond in the Ge dimer 
cluster. This transformation occurs via Model 3, a metastable state where the surface 
bridging Ge-O-Ge ether configuration undergoes bond-breaking to form a free Ge-O 
Chapter 4 Ge(100) 2 x 1 and surface modification 
 
 70
bonding configuration. This is achieved experimentally by flash annealing the 
substrate to 50 oC. From Table 4.2, model 3 is predicted to exhibit 3 distinct vibration 
modes, located at 21, 31 and 61 meV. They represent the dimer-bridge wagging, 
dimer and free-bonding O stretching, and backbond symmetrical stretching vibration 
modes, respectively. Transformation to the final Model 4 is completed by flash 
annealing the substrate to 100 oC, where the Ge-Ge bond in the second layer from the 
surface dimer row is broken to facilitate the insertion of the surface O atom into the 
back-bonded configuration. The final configuration is represented by 2 O atoms 
existing in the back-bonded configuration, sharing a common surface germanium 
dimer atom. This change in configuration is observed experimentally by a dramatic 
blue shift in the vibration frequencies in Fig. 4.9(d), located at 43, 56 and 89 meV. 
They correspond to the back-bond wagging, backbone symmetrical stretching and 
back-bond assymmetrical stretching, respectively. These values are in good 
agreement with out calculated values of 39, 51 and 88 meV.     
 
4.5 Conclusions 
We have applied HREELS to study the vibrational signatures of the clean 
Ge(100) 2×1 surface, air-exposed surface and methanol-dosed surface. A surface 
phonon can be observed on the clean Ge(100) 2×1 surface between 28-35 meV, but 
its shape and position is sensitive to sub-monolayer coverage of hydrogen and oxygen 
on the surface.  As a result, the phonon peak is easily quenched at high adsorbate 
coverages. The movement of the surface phonon peak as a function of hydrogen 
coverage suggests phonon-plasmon coupling on the n-doped sample. At high O2 
dosage, only the asymmetrical Ge-O-Ge stretch at 112 meV, as well as its associated 
rocking and bending modes can be observed due to the broadened inelastic loss tail. 
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We found that there were mechanistic parallels between the oxidation of Ge by 
methanol and the formation of contaminated oxide on air-exposed Ge, i.e. the 
incorporation of methyl radicals as well as oxygen proceeded simultaneously during 
the growth of the oxide. Oxidation of dimerized germanium surface is a precursor-
mediated process.  
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Chapter 5: Adsorption studies of allyl alcohol on diamond 
 
Abstract 
  The adsorption of allyl alcohol on polycrystalline diamond and single 
crystalline C(100) 2×1 surface has been studied with high resolution electron energy 
loss spectroscopy (HREELS), X-ray absorption spectroscopy (XAS) and valence band 
spectroscopy. Our results suggest that the bonding of the allyl alchohol proceeds via 
[2+2] type cycloaddition on the diamond dimer bonds, with retention of hydroxyl 
functionality. Multiple layer adsorption of allyl alchohol at room temperature can 
occur. Heating the adsorbed adlayer to 50 ºC results in the increased impact scattering 
from the C-H bonds on the surface as observed by HREELS, as well as strong 
enhancement in the NEXAFS signal detected in the total yield mode. One possible 
reason is attributed to the thermally induced dissociation of C-H bonds, followed by 
radical initiated polymerization of the adlayer. Heating to temperatures above 200 ºC 
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5.1 Introduction 
The chemical resistance, robustness, negative electron affinity [1], and 
biocompatibilty [2] of diamond has generated a lot of interests in the surface 
functionalization of diamond with a view to its potential applications in 
biosensors/chemical sensors [3], and as emitters in electronic devices [4]. Of the two 
prime application areas, diamond as a biosensor/chemical sensor offers more benefits 
and potential, owing to its novelty and direct impact on our quality of life. Recent 
studies conducted by Walter Schottky Institute [3] provided strong evidence for the 
realization of the first prototypes of diamond sensor for gas and glucose-sensing 
applications. Chemical modification of diamond surfaces is therefore a key issue. 
 Functionalization studies on polycrystalline diamond surfaces has been aided 
by recent advances in synthetic diamond thin-film deposition technology [5] that 
addresses the high costs associated with using single-crystal diamond substrates in 
such studies. To date, the coupling of biomolecules has been carried out primarily on 
substrates such as silicon [6], metal oxides [7] and gold [8,9], because of their 
intrinsic electronic properties and established micromachining and photo-patterning 
technologies.  
There are several routes via which surface functionalization may be achieved. 
Electrochemical reduction via the one-electron transfer reaction offers an avenue 
towards the surface functionalization of ultrananocrystalline diamond (UNCD) films. 
Recent studies conducted by Wang and coworkers [10] on surface functionalization of 
UNCD films by electrochemical reduction of aryldiazonium salts clearly 
demonstrated the viability of yielding a UNCD surface with functional moieties 
available for the potential covalent coupling of a variety of biomolecules, including 
DNA and proteins. In their work, Wang and coworkers electrochemically reduced the 
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aryl diazonium salts to form solution-based aryl radicals that covalently attach to the 
UNCD diamond electrode surface. This method of surface functionalization yields a 
dense and ordered monolayer array, as on glassy carbon and highly orientated 
pyrolytic graphite surfaces [11,12,13]. On the same technical front, Strother and 
coworkers [14] used ultraviolet light to initiate a coupling reaction between a 
hydrogen-terminated diamond surface and functionalized alkenes introduced as a thin 
overlayer liquid film. This reaction mechanism is motivated by organic chemistry 
principles that photo-attachment reactions can be initiated via photo-excitation of 
electrons and holes in the subsurface space-charge region, followed by nucleophilic 
attack by an alkene at the surface [15].     
Cycloaddition reactions constitute a powerful method for the formation of C-C  
bonds and could provide a means for the controlled functionalisation of π-
reconstructed diamond surfaces. It has been proposed that the C(100) surface is ideal 
for studying the Diels Alder reaction because the dimer is unbuckled. Diels-Ader 
reactions on the clean diamond (100) 2×1 has been investigated previously by 
Hossain and coworkers [16], their EELS studies show that 1,3 butadiene readily 
chemisorbs on the C(100) 2×1 surface by [4+2] type cycloaddition, but the [2+2] 
cycloaddition of ethylene, ethyne and benzene to the (100) 2×1 surface is not favored 
because it is symmetry-forbidden. As a result they conclude that orbital symmetry of 
the reacting species determines the reaction probability. Hovis and coworkers [17] 
studied the reaction of cyclopentene with diamond and demonstrated using FTIR 
spectroscopy that a [2+2] cycloaddition product can be generated. However, they 
reported that the sticking coefficient of cyclopentene on diamond is in the order of  
10-3, which is several orders of magnitudes lower than that of Ge and Si. The lower 
reaction probability on diamond compared to Si and Ge is associated with its larger 
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band gap and the absence of dimer tilting, which facilitates the ability of the 
impinging nucleophilic reactants to find a low symmetry pathway to the final [2+2] 
reaction product.  
 The Diels-Alder reaction [18,19,20] has generality towards a large variety of 
substituents on both the diene and the dienophile (allene). The reaction works best 
when the two reactants are electronically complementary, i.e. one of them is electron 
rich, while the other is electron poor. Allenes of the class A-CH2-X, where                
A : CH2=CH and X : OH, COOH, Cl, are bifunctional compounds. The A moiety 
consists of unsaturated π bonds which can undergo the usual Diels-Alder reaction, 
while the X moiety can constitute a wide range of functional groups that activate or 
deactivate electrophilic addition via inductive effects. If the [2+2] cycloaddition of 
these compound to the dimer bonds of C(100) 2×1, or the Pandey chains of C(111) 
2×1 [21] is possible, then the addition of allenes provide a powerful way to 
functionalise the diamond surfaces in a controlled manner due to the ease of varying 
the functional group X.  
 In this work, we do a systematic investigation of the reaction of allyl alcohol 
with boron-doped polycrystalline diamond as well as single crystalline diamond (100) 
2×1. Our results indicate that these allyl organics can be chemisorbed readily on the 




 The HREELS experiments took place in a dual-chamber UHV system. The 
analysis section is equipped with a mu-metal shielded Delta 0.5 High Resolution 
Electron Energy Loss spectrometer (SPECS GmbH) and a reflection high energy 
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electron diffraction (RHEED) system. The base pressure of the system is 1 x 10-10 torr. 
The sample used was boron-doped H-plasma pretreated polycrystalline diamond 
which was subjected to multiple cycles of flash annealing to 1000 °C until a poly-
ringed pattern emerged in the RHEED pattern. For the allyl alcohol experiment, the 
allyl alcohol was leaked in through a precision leak-valve. The gas dosing line and the 
vessel housing the allyl alcohol were heated to 100 °C to generate enough vapor 
pressure for dosing.  
 Photoemission and X-ray absorption spectroscopy (XAS) experiments were 
performed in an ultra-high vacuum (UHV) system with base pressure of 6 × 10-11 Torr 
at the SINS beamline of the Singapore Synchrotron Light Source (SSLS) at National 
University of Singapore. SINS beamline is a dragon-type soft X-ray beamline. 
Photoemission spectra were measured using a hemispherical electron energy analyzer 
(EA 125, Omicron NanoTehnology GmbH.) at 50° to surface normal. In the 
photoemission experiments, {p}-polarised light was used. The photon energy 
resolution delta E/E is set at E/E of 1000 for XPS experiments and delta E/E of 500 
for XAS experiments. 
 
5.3 Results and discussion 
5.3.1 HREELS data of clean diamond surface 
  The as-received H-plasma treated polycrystalline diamond surface shows 
several peaks in the HREELS spectrum displayed in Fig. 5.1. The peak at 105 meV is 
assigned to C=O species, while the peaks at 176 and 364 meV are related to C-H 
stretching and bending modes. The C-H related peaks were observed to attenuate 
quite significantly after heating to 200 ºC, whilst the oxide-related peak remains. The 
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attenuation in signals of the former may be related to the desorption of adventitious 
hydrocarbon species. Fig. 5.2 shows that the C=O peak vanished after  
 
Fig. 5.1 HREEL spectra of  (a) as received diamond, on heating to (b) 50, (c) 100, and 
(d) 150 °C. 
 
heating the sample to 500 ºC, whilst the last traces of the C-H peak can only be 
removed after repeated annealing to 800 ºC, therefore these are assigned to surface 
bound H species.  
 It is noteworthy that two peaks at 42 and 78 meV manifest strongly after the 
polycrystalline diamond was annealed to elevated temperatures in Fig. 5.2. The 
intensities of the energy gain features on the left of the elastic peak (α' and β') is 
related by the Boltzmann factor (exp(-E/kT)) to the intensities α (42 meV) and           
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these low energy phonon peaks remain ambiguous. We could not rule out the 
possibility that these are related to non-diamond phases or defects since the boron-
doped  
 
Fig. 5.2 HREEL spectra of as received H-plasma treated diamond surface after 
heating to (a) 200, (b) 300, (c) 400, (d) 600, (e) 800 and (f) 1000 °C, respectively. 
 
polycrystalline diamond sample used in this work typically has non-diamond 
components. One possibility is that these peaks originate from bulk phonons which 
have large amplitude at the surface, i.e. surface resonance peaks, except that a check 
with the bulk phonon density of states of diamond reveals no peaks in this region. 
There are very few reports in the literature concerning HREELS study of phonons on 
diamond. One previous work by Hossain et. al. [16] reported the observation of 
vibrational loss peaks at ~80, 92, 123, 135, 147 and 165 meV for a clean C(100) 2×1 
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surface dimers on (100). A more recent study by Thachepan et. al. [22] observed 
losses at ~70 meV and above which are related to salient normal modes of the surface 
dimers at the Г point. We do not assign the peak observed at 78 meV to a surface 
phonon mode related to the dimers on diamond (100) because it is present even after 
the surface has interacted with the adsorbate, therefore it is more likely to be 
associated with a bulk mode that is insensitive to surface adsorption. In addition we 
note that the positions of our phonon peaks recorded at 42 meV are lower in energy 
than all previously reported bulk phonon modes for single crystal diamond. One 
possibility is that the mode at 42 meV is of electronic origin, i.e. low-energy plasmon 
corresponding to the out of plane oscillation of electrons from graphite. This mode 
has been reported by L. Vitali [23] in their inelastic electron tunneling spectrum of 
HOPG. The mode at 78 meV can also be an overtone of the 42 meV plasmon loss 
peak. HOPG has an optical phonon mode at 81 meV [23], therefore it is possible that 
the peaks observed at 42 meV and 78 meV in our case on the polycrystalline diamond 
are related to graphitic phases present in our polycrystalline diamond sample. The 
Raman spectrum of our polycrystalline diamond shows that besides the diamond peak 
at 1331 cm-1, there are non-diamond phases at 1500 cm-1.   
 
5.3.2 HREELS data after dosing with allyl alcohol 
 When the reconstructed diamond surface was exposed to 10 Langmuir of allyl 
alcohol at room temperature in Fig. 5.3(a), peaks centered at 126, 179, and 365 meV 
appeared. The α (42 meV) and β (78 meV) peaks remain invariant until higher doses 
when it becomes obscured due to overlap with the vibrational peaks of the adsorbate. 
This indicates that the α and β peaks are not related to surface dimers since they 
would be expected to change after the surface dimers interacted with the adsorbate, as 
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revealed by valence band and core level spectroscopic data. At dosages of 100, 1000 
and 10,000 Langmuirs in Fig 5.3(b), (c) and (d), respectively, new peaks centred at 
201 meV appeared. All these peaks are characteristic of the adsorbed allyl alcohol and  
 
Fig. 5.3 HREEL spectra of (a) freshly prepared diamond substrate, dosed with (b)100, 
(c) 1000 and (d) 10,000 Langmuir of allyl alcohol. 
Table 5.1 Vibrational assignments of allyl alcohol adsorbed on diamond surface 
Modes aH2C=CHCH2OH (l) H2C=CHCH2OH/Dia @ 10,000 Langmuir 
υ(OH) 425.0 409.1 
υa(CH2) 386.5 
υ(CH2) 365.4 
Exists as a broad band 
υ(CC) 200.4 208.0 
δ(CH2), δ(CH) 171.4-182.1 173.2-186.3, 199.9 
δ(OH) 165.5 Not observed 
ρ(CH2) 148.8 159.8 
υa(CCO) 137.9 133.7 
ρ(CH2) 120.3 125.2 
υs(CCO) 113.8, 110.6 Not observed 
γ(CH) Not observed Not observed 
∆(CCC) 76 78.9 
∆(CCO) 43 40.5 
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Fig. 5.4 Schematic illustrating the [2+2] cycloaddition of allyl alcohol on the surface 
dimer bonds of C(100) 2×1. 
 
a summary of the observed vibrational frequencies is presented in Table 5.1. The 
presence of the C-O peak at 126 meV is due to the presence of CH2-OH functional 
group in allyl alcohol [24]. The OH stretch, normally situated at ~460 meV for gas 
phase alcohol, is not visible as a strong peak however in this study within all the 
experimental conditions used. The loss peak at 365 meV can be assigned to mixtures 
of saturated –CH (356 meV), as well as unsaturated =CH2 asymetric stretch           
(383 meV), =CH stretch (372 meV) and =CH2 symmetric stretch (371 meV). Peak 
intensities at 170 meV can be assigned to =CH2 scissors (171 meV), 113 meV to 
=CH2 wag etc. We can see that the C=C mode at 200 meV appears only at higher 
dosage, and not at the initial adsorption phase. One explanation is that the bonding of 
the allyl alchohol with diamond occurs via a [2+2] cycloaddition reaction, forming a 
cyclobutane type species. Since the original π bonds of the allynic groups are broken 
in the 2+2 bonding to form σ bonds with diamond, the C=C stretch is absent at the 
initial stages. However, upon the physisorption of multiple layers on top of the 
existing layers, the C=C stretch appears. A schematic showing the possible [2+2] 












[1] [2] [3] 
Chapter 5 Polycrystalline diamond surface functionalization 
 84
cycloaddition adsorption scheme on the surface dimer bond of diamond (100) 2×1 is 
shown in Fig. 5.4.  
 When the temperature of the allyl alchohol-dosed diamond was raised to 50 °C, 
a dramatic increase in the intensities of the CH bending and stretching modes at 170 
and 365 meV is observed, as shown by the HREELS spectrum in Fig. 5.5. One direct 
explanation is that the surface enjoys a higher coverage of hydrogen from dissociated 
hydrogen from the adsorbate following thermally activated C-H bond dissociation, 
but the low annealing temperature is not compatible with the high bond strengths of 
C-H bonds. Impact scattering was the dominant scattering mechanism present on 
polycrystalline diamond surfaces, due to the orientational averaging produced by 
surface roughness [25,26]. We suggest that the more efficient impact scattering upon 
slight annealing could be due to the increased ordering of the chemisorbed adsorbate 
following the desorption of physisorbed layers, or the generation of a more compact 
film from the polymerisation of the adlayer.  
For example, it can be seen in Fig. 5.5 that the 200 meV peak assigned to C=C 
stretch has vanished, suggesting that physisorbed allyl alcohol has desorbed from the 
surface, and now the electron beam is scattering from better ordered chemically 
bonded adlayer phases. Annealing the sample to 100 and 150 °C in stages did not 
produce further changes in the spectrum, but at 200 °C, there was an abrupt decline in 
the adsorbate-related signals, and a regeneration of the initial “clean” surface 
spectrum. Therefore the surface adsorbate was chemically bonded to the surface and 




Chapter 5 Polycrystalline diamond surface functionalization 
 85
 
Fig. 5.5 HREEL spectra of clean diamond surface after exposing to 10,000 Langmuir 
of allyl alcohol and flash annealed to (a) 50, (b) 100, (c) 150, (d) 200, and (e) 400 ºC 
respectively. 
 
5.3.3 Valence band data 
The valence band spectra of (a) amorphous diamond which has been argon sputtered, 
(b) clean polycrystalline diamond and (c) clean single crystal diamond measured at 
normal emission angle are displayed in Fig. 5.6. The valence band spectra of single 
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Fig. 5.6 Valence-band spectra of flash annealed (a) sputtered polycrystalline diamond, 
(b) polycrystalline diamond and (c) single crystal diamond measured at normal 
emission angle. Spectra were collected at room temperature. 
 
valence states at 5 and 8 eV which are characteristics of p states, or mixed s-p states 
of bulk diamond.  There are two features which we will highlight for interest. One 
feature centered at ~2.0 (S1) eV is related to the surface dimer state [27] on the surface. 
These states can be observed on all three diamond samples after annealing to the 
reconstruction temperature (>900 °C). On amorphous diamond, the peak intensities 
are downshifted by ~0.5 eV surfaces, due to mixing with non-diamond surface states. 
Another feature centered at ~13 eV (B3) is related to the sp3 bonding in diamond, this 
feature is visible only in undamaged diamond sample, but absent in the amorphous 
diamond sample. 
  The core level C 1s spectrum also provides evidence for the different chemical 
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Fig. 5.7 C 1s photoemission spectra of (a) clean C(001) (2×1) substrate, when dosed 
with (b) 1000 Langmuir of allyl alohol, and flash annealed to (c) 50, (d) 100, (e) 150 
and 200 ºC, respectively. The corresponding O1s photoemission spectra are shown on 
the right-hand side. 
 
state which is chemically shifted by ~0.85 eV to the lower binding energy appears in 
the C 1s spectrum after repeated annealing to 900 °C, this state is assigned to the 
surface dimer on diamond which has a different bonding environment to bulk 
diamond. This chemical shift originates from the more effective shielding of the 
photo-generated hole by the π electrons in the dimer bonds, the extra energy gain in 
terms of this inter-atomic relaxation will result in an increase in kinetic energy of the 
photoelectrons originating from the surface dimers, i.e. a shift to lower binding energy 
[28]. Following the adsorption of allyl alcohol, this chemically shifted peak vanished 








Chapter 5 Polycrystalline diamond surface functionalization 
 88
    
Fig. 5.8 Valence-band spectra of (a) clean C(001) substrate, dosed with (b) 1000 
Langmuir of allyl alcohol, and (c) flash annealed to 50 ºC. Note that the surface state 
feature S1 has attenuated with the adsorption of allyl alchohol. 
 
related surface state S1 in the valence band spectrum of single crystal diamond in   
Fig. 5.8 after the adsorption of allyl alchohol. The vanishing of peaks associated with 
the surface dimer state results from the rearrangement of surface bonds on the 
diamond to accommodate bonding to allyl alcohol, i.e. a change from π →σ bonding 
in the [2+2] cycloaddition reactions. Whilst the surface dimer state S1 as shown in  
Fig. 5.8 vanishes completely in the valence band spectra of the single crystal diamond 
following the adsorption of allyl alcohol, related peaks at ~2.5 eV did not vanish 
completely in the spectra of polycrystalline diamond as well as amorphous diamond. 
Therefore it can be inferred that some of the DOS states at 2.5 eV for the 
polycrystalline diamond did not originate from surface dimer states, but are due to π 
states of non-diamond components in these materials.  
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Fig. 5.9 (Left) Valence-band spectra of polycrystalline diamond (a) after Ar ion 
sputtering and dosed with (b) 10, (c) 100, and (d) 1000 Langmuir of allyl alcohol 
measured at normal emission angle. (Right) Valence-band spectra of polycrystalline 
diamond dosed with (a) 1000 Langmuir of allyl alcohol at LNT, and flash annealed to 
(b) 50 and (c) 200 °C, respectively. 
 
Fig. 5.9 shows the changes in the valence band spectra of the amorphous 
diamond following the adsorption of allyl alcohol. The amorphous diamond exhibits 
more pronounced changes with the uptake of allyl alchohol on the surface because the 
σ-bonding features in the molecules can appear in the featureless background 
spectrum, whereas these would be obscured by strong peaks present in the crystalline 
diamond. Fig. 5.9(b) shows a peak residing at 13.4 (B3) eV emerged when the 
amorphous diamond was dosed with 1000 Langmuir of allyl alcohol.  This peak is 
absent in the bare amorphous diamond, but it develops on the spectra of amorphous 
diamond after allyl alcohol is adsorbed on the surface, attesting to the presence of sp3 
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bonding in the molecule. There is also a discernible increase in emission intensity 
around 10 eV with successive dosage, which we attribute to O 2p states [29,30]. 
When the amorphous diamond adsorbed with allyl alchohol was heated in stages to 
higher temperatures, we can see the attenuation in the feature at 10 eV, and the re-
emergence of the S1 peak due to the reconstructed dimer state, evidencing that the 
changes in the spectral features are consistent with the adsorption and desorption of 
the allyl alchohol. 
 The changes in the intensity of O 1s peak at different stages of annealing was 
followed by core-level spectroscopy study of allyl alchohol-adsorbed single crystal 
diamond in Fig. 5.7. Fig. 5.7 shows the appearance of the O 1s peak following the 
adsorption of allyl alcohol, beginning from the signal at room temperature, the O 1s 
signal remains relatively constant until 200 °C, where a sudden dip in intensity is 
observed which is consistent with changes observed in the valence band spectra as 
well as HREELS. The relative constant level of the O 1s between room temperature to 
200 °C indicates very clearly the retention of hydroxyl functional groups on the 
surface in this temperature window.  
 
5.3.4 Photoemission and C1s K-edge absorption spectra of deprotonated 
diamond surfaces dosed with allyl alcohol 
 The K-edge absorption spectra of reconstructed C(001) (2 × 1), annealed 
polycrystalline diamond, amorphous polycrystalline diamond, and air-cleaved HOPG 
are displayed in Fig. 5.10(a)-(d). The XAS fine structure spectra of the various 
substrates were recorded so that subtle changes in the spectra arising from the 
adsorption of allyl alcohol can be discerned. For X-ray energies in the XANES region, 
the excited photoelectron undergoes a transition from a core to an unoccupied final 
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state. As shown, the spectra of both the single crystalline and the polycrystalline 
diamond exhibit intense absorption edges at 289 eV due to the core exciton resonance 
(peak II), in agreement with what was reported previously for diamond [31,32]. The 
pre-edge peaks I in (a) and (b) are attributed to the surface exciton peaks due to π-
bonded bonds of the C-C dimers, this is in agreement with what Bobrov and 
coworkers [33] reported on C(001) (2×1). In (a) and (b), between ~290 and 302 eV 
for C(100), several peaks due to σ* states can be seen (labeled as III and IV). In 
addition, a dip in the yield spectra at 302 eV photon, labeled as V, originated from the 











   
 
Fig. 5.10 K-edge-absorption spectra of (a) C(001) (2×1) substrates, (b) polycrystalline 
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Fig. 5.11 Normalized K-edge-absorption spectra of (a) as-received, (b) clean 
polycrystalline diamond/C(100) substrate, when (c) dosed with 1000 Langmuir of 
allyl alcohol, and (d) flash annealed 50 ºC. The K-edge-absorption spectra were 
collected in the total yield mode at normal emission angle 
  
The diamond-related features in the XANES spectrum can be attenuated by 
subjecting the diamond to argon sputtering. Following such a treatment, the spectrum 
of the amorphous polycrystalline diamond displayed in (c) is rather featureless 
between 290-302 eV, and resembles that of the HOPG reference sample displayed in 
(d). The XANES spectra of HOPG and amorphous diamond is characterized by a 
broad peak at 285.3 eV due to π* states (labeled as I). This peak is distinguishable 
from the pre-edge peaks of reconstructed diamond observed at 284 eV, as seen in (a) 
and (b) for both the reconstructed C(100) 2×1 and polycrystalline diamond. The dip 
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absent, indicating that the amorphous diamond has semi-metallic character due to the 
presence of sp2 states.  
 The uptake of allyl alchohol on the single crystal diamond surface is 
characterized by a slight shift of the pre-edge adsorption peak at 284 eV to 284.4 eV 
in Fig. 5.11. The σ* states represented by peak III and IV, together with the intensity 
of the dip at peak V, is slightly attenuated with the adsorption of allyl alchohol. The 
overlap of the σ* features in allyl alchohol with that of pristine sp3 diamond makes it 
difficult to observe new features after the adsorption of allyl alcohol. Arvanitis and 
coworkers [35] investigated the absorption spectrum of allyl alcohol condensed on a 
cold Ag(110) substrate and provided strong evidence for the existence of a sharp C=C 
π* resonance residing at 284.4 eV and a C=C σ* resonance at 300 eV. In this work, 
the observed shift of the pre-edge peak in Fig 5.11(b) to 284.4 eV (Peak I) is in close 
agreement with the value reported by Arvanitis and coworkers for the C=C π* 
resonance of condensed phase allyl alcohol. The signature peak for the C=C σ* 
resonance of the adsorbed allyl alcohol molecules is less pronounced because it 
manifested as a broad band above the bulk-related diamond σ* resonances at Peak IV. 
In other words, the overlap of the diamond σ* resonance with that of allyl alchohol 
precludes the observation of appearance of pronounced features in the spectrum.  
 The sputtering of the diamond surfaces in vacuum creates reactive dangling 
bonds on the surface, and we find that the allyl alcohol shows good sticking 
probability on the sputtered surface compared to that of the as-received diamond. The 
absence of structure in the density of the unoccupied σ* states for the sputtered 
polycrystalline diamond substrate in Fig. 5.12(c) served as an ideal reference 
spectrum for monitoring the allyl alcohol adsorption.  
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Fig. 5.12 K-edge-absorption spectra of polycrystalline diamond (a) after Ar ion 
sputtering and dosed with (b) 100 and (c) 1000 Langmuir of allyl alcohol.  
  
With exposures to 1000 Langmuir of allyl alcohol in Fig. 5.12(c) and (d), new 
peaks residing at 290.4, 294.6 and 299.7 eV photon energy emerged which 
correspond to the anti-bonding C-H σ* (II), C-C/C-O σ* (III), and C=C σ* (IV) 
resonances of allyl alcohol, respectively. Outka and coworkers [36] investigated the 
adsorption of allyl alcohol on Si(111) 7 x 7 substrate and provided strong evidence for 
the presence of C=C π*, C-H σ*, C-O/C-C σ* and C=C σ* resonances residing at 
284.4, 289, 292 and 300 eV photon energy, respectively.  
 One interesting observation is the dramatic increase in the intensity of the π* 
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Fig. 5.13 Intensity enhancement of anti-bonding σ* and π* states present on the 
surfaces of polycrystalline diamond and C(001) substrates reference to the amorphous 
diamond.  The K-edge-absorption spectra were collected in the total yield mode at 
normal emission angle.  
  
adsorption of allyl alcohol on the diamond surface. This is interesting because there 
are technological interests in the use of diamond substrates as an X-ray detector 
[37,38,39], and the strong electron emission from diamond following surface 
adsorption by hydrocarbons suggest that surface conditioning affects the total electron 
yield following X-ray irradiation. Fig. 5.13 shows that the XANES spectra of allyl-
alcohol dosed diamond which has been slightly annealed to 50 °C shows an intensity 
enhancement for the total electron yield that is ~30× higher than that of bare diamond. 
In other words, the adsorption of allyl alcohol increases the intensity of the C K-edge 
peaks relative to that of the bare diamond. One reason for the intensity enhancement 
in the X-ray absorption edge following the adsorption of allyl alcohol is due to the  
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Fig. 5.14 Secondary electron yield from the allyl alcohol-dosed diamond (a) bare 
diamond; (b) Dose 100L (c) Dose 1000L (d) Heat to 50 oC (e) Heat to 100 oC (f) Heat 
to 150 oC (g) Hydrogen-plasma treated diamond. (data collected by Dr Gao Xingyu 
and Ouyang Ti) 
 
fact that hydrogen-derived orbitals increases the intensity of the C K-edge resonance, 
because of the more compact nature of the valence orbitals. Addition of hydrogen 
results in an increase in the localization of orbital density in the inner well of the 
molecular potential. The effective overlap between the Rydberg orbitals and hydrogen 
derived orbitals increases, giving rise to an increase in the observed resonance 
structure [40,41]. Fig. 5.14 shows the intensity enhancement of anti-bonding σ* and 
π* states present on the surfaces of polycrystalline diamond and C(001) substrates 
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relative to that of the amorphous diamond, when all three samples were pre-adsorbed 
with saturation dosage of allyl alcohol. Both polycrystalline as well as single crystal 
diamond show enhanced total electron yield over that of the amorphous diamond, 
with that of the single crystal diamond exhibiting maximum yield, suggesting that this 
variation is correlated to the crystalline quality of the substrate.  
 One possibility for the enhanced total electron yield is the condition of 
negative electron affinity (NEA) promoted by chemisorbed hydrocarbon on the 
diamond surface. The condition of NEA is one of the fascinating characteristics of 
hydrogenated diamond. The NEA diamond has its vacuum level positioned lower than 
the bulk conduction band minimum (CBM), in such a case secondary electrons which 
have quasi-thermalized to the conduction band minimum can spontaneously escape 
from the surface. The escape length of such low energy electrons (<5 eV) can be in 
the micrometers range, comparable with the X-ray absorption depth in diamond 
because of the long inelastic mean free path of CBM electrons. We monitored the low 
energy secondary electron yield and found that this was increased significantly 
following the chemisorption of allyl alcohol on the diamond surface, as shown in    
Fig. 5.14. The slight anneal to 50 °C for example was found to increase the secondary 
electron yield significantly. Further annealing to 150 °C increased the secondary 
electron yield more, although the highest yield obtained just before the allyl alcohol 
desorbed from the diamond surface was of a lower intensity than that of hydrogen-
plasma treated surface. We propose that the slight annealing causes a dissociation of 
the C-H bonds in the allyl alcohol and transformation of the allyl alcohol into a 
radical. Linking of the allylic monomers on the surface could result to form 
oligomeric chains, which subsequently desorb at 200 °C since the formation of this 
chain inter-molecularly weakens the bonding of the allyl alcohol with the diamond 
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substrate. The radicalization process transfers the dissociated hydrogen onto the 
diamond substrate, which is why enhanced NEA on the diamond surface could be 
observed even after the allylic adlayer desorbed from the diamond surface. 
 
5.4 Conclusions           
 Allyl alcohol chemisorbs on clean diamond surfaces, and forms multi-layers at 
higher dosages. Upon annealing to 50 ºC, these allyl alcohol adsorbates polymerize 
partially. Further annealing to 200 ºC resulted in the desorption of the adlayer. The 
dissociation of C-H bonds in allyl alcohol during the radicalization process transfers 
hydrogen to the diamond surface, the chemisorbed hydrogen results in the enhanced 
NEA effect observed. 
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AEY Auger electron yield 
CBM Conduction band minimum 
DFT Density functional function 
DOS Density of states 
EELS Electron energy loss spectroscopy 
FTIR Fourier transform infra-red spectroscopy 
FWHM Full-width-half-maximum 
GOI Germanium-on-insulator 
HBT Heterostructure bipolar transistor 
HOPG Highly oriented pyrolytic graphite 
HREELS High resolution electron energy loss spectroscopy 
NEA Negative-electron-affinity 
NEXAFS Near-edge X-ray absorption spectroscopy 
PEA Positive-electron-affinity 
PES Photoemission spectroscopy 
PEY Partial electron yield 
RHEED Reflection high energy electron diffraction 
SERS Surface enhanced Raman spectroscopy 
SOI Silicon-on-insulator 
STM Scanning tunneling microscopy 
TEM Transmission electron microscopy 
TEY Total electron yield 
UHV Ultra-high vacuum 
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UNCD Ultrananocrystalline diamond 
UPS Ultraviolet photoemission spectroscopy 
XANES X-ray absorption near-edge structure 
XPS X-ray photoemission spectroscopy 
 
